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1. Summary
Maize is the most important food crop in Central America and particularly in
Guatemala. Soil fertility is lower on eroded marginal soils on hillsides; in addition,
the soil may be acidic and low in nutrients, a situation which is often aggravated
by drought. Generally, the low application of fertilisers and the use of open
pollinated varieties instead of hybrids are partly responsible for low maize yields
in tropical areas. Yields of modern maize hybrids in temperate areas were further
raised through the introduction of single cross hybrids and the increased
tolerance to stresses that enabled a higher plant density. A wide technological
gap exists between potential and actual farm yield. The adoption of site-specific
technological packages could fill this gap. This study was aimed at the estimation
and explanation of the existing yield gap in a model region, the Polochic
watershed in Guatemala through the targeted variation of two technological
components (varieties and fertilisation) along various pedological and climatic
gradients. The experiments were conducted in a network approach on 74 farms
in four seasons from 1996 to 1998. The hybrid HB-83 was compared with local
varieties. Treatments included no fertiliser or the application of recommended
and supra optimum amounts of fertilisers.
Soils
The soil at most sites was loamy with a relatively low pH (5.6 in average). The pH
was not especially associated with high Al concentration but rather with low base
(CEC and above all Ca) saturation. The P availability was low and the watershed
was usually characterised by K deficiency. The concentrations of nutrients were
highest in the upper 20 cm of soil. Hillsides and dry flatlands had similar soil
properties with low pH; more P was available on dry flatlands. The content of
sand was higher on moist flatlands. Since the CEC and pH were higher too than
in the two other domains, moist flatlands were more suitable for maize cropping,
in spite of the potential risk of high groundwater levels.2
Technological gap
Grain yields rose from the F0 (no fertilisation) treatment (2.38 t ha
-1)t oF 1
(recommended treatment: 89-13-24 kg ha
-1 N-P-K) (3.42 t ha
-1) and from F1 to
F2 (supra optimum treatment: 151-37-76 kg ha
-1 N-P-K) (3.83 t ha
-1), but to a
much lesser extent. This suggests that applying more than 150 kg ha
-1 of
nitrogen fertiliser has little potential in increasing yields in the watershed to
economically and ecologically acceptable levels. Stover production increased
from F0 to F1, but the increase from F1 to F2 was not significant. The harvest
index (HI) was only higher for F2 compared to F0. The local varieties (2.90 t ha
-1)
yielded less than the hybrid HB-83 (3.53 t ha
-1). The HI was higher in HB-83,
while stover production and, thus, biomass of the local varieties were higher.
However, the HI of HB-83 was still 35% lower than for European hybrids. A
comparatively low need of stover for cattle feeding suggests that breeding for
hybrids with a much higher HI (through unchanged or increased biomass and a
reduced stover production) would be highly beneficiary for a good return of
investment in hybrid seeds and fertilisers.
The yield of both local varieties and of HB-83 rose from F0 to F1 and from F1 to
F2 due to a higher ear weight and higher ear population (numbers of ears per
m
2). Ear population and plant fertility were improved by fertilisation with no
differences between F1 and F2. The plant population was thinned to the target
population of 4.4 pl m
-2 at 25 DAP; thus it was not a variable yield component in
this study. The ear weight increased with fertilisation because of a higher number
of grains per ear at F1, which was due both to a higher number of rows per ear
and a higher grain number per row while from F1 to F2 especially the number of
grains per row increased. The 100 grain weight played somewhat of a role in the
yield increase from F0 to F1.
The difference in yield between the local varieties and HB-83 was due both to
higher ear weight and a higher ear population. The higher number of grains per
ear (due to a greater number of rows per ear but not to a higher number of grains3
per row) resulted in a higher ear weight despite a lower 100 grain weight. The
higher ear population of HB-83 was due to the increased plant fertility and to a
higher plant population, despite its initial control, than local varieties at harvest.
The individual yield components of all varieties responded similarly to increasing
levels of fertilisers. HB-83 had higher yields than local varieties even in marginal
environments, with a further increased superiority in high yielding environments.
Thus the concern that HB-83 would perform better only with high inputs of
fertilisers was not proven in this study.
The plant population declined by 25% from sowing to 25 DAP; thus, under
farmers’ conditions, this yield component might contribute to yield inconsistency.
The rate of germination and seedling vigour of local varieties during early
vegetative growth tended to be slightly higher than for HB-83. At harvest,
however, the local varieties had a lower plant population, probably due to plant
losses as a result of higher lodging. No obvious yield increase potential was
found when planting density increased from 4.4 pl m
-2 upward, neither in the
Polochic watershed with HB-83, nor generally speaking in Central America, thus
underlining the importance of reducing barrenness.
Plant and ear heights of local varieties were higher. The ear was positioned lower
on stalk of HB-83, which had, thus, better plant stability, a prerequisite for lodging
tolerance. Plant height, ear height and lodging rose from F0 to F1 and from F1 to
F2, showing the importance of improving such secondary traits, even in a high
yielding environment.
Lower yields on marginal hillsides were probably due to an unfavourable
(shallow, stony) soil structure. Moist flatland tends to be more fertile as a result of
rivers that overflow and, thus, fertilise the soil. However, fertilisation can
potentially increase yields on all domains.4
Fertilisation increased yields similarly in all four cropping seasons, although the
yield level fluctuated. Although the yield differences among varieties varied, the
hybrid HB-83 yielded consistently better than the local varieties in all four
cropping seasons. This proves the higher yield consistency of HB-83 in all
cropping seasons and years, a very valuable asset for farmer who have to
minimise the risk of investments in seeds and fertilisers.
A wide variation in grain yields in the Polochic watershed was observed, from the
absolute minimum of 0.15 to 7.94 t ha
-1 with gains in grain yield due to use of
HB-83 highest on dry flatland. There were few significant correlations between
soil parameters and plant traits. Only the biomass of all varieties was correlated
with the ratio Ca to Mg. Thus, plant nutrients that were not added with NPK
fertilisers did not seem to determinate the yield potential of the different sites in
the Polochic watershed; this limits the potential of increasing yields by additional
fertilising measures besides liming. Microclimatic factors, soil texture and
management practices are assumed to be determining factors, too. Mulching
with maize straw (as opposed to burning practices) and/or with green manure (e.
g. using Mucuna spp.) can increase organic matter and plant nutrients contents
in the soil. Maize straw, green manure and soil conservation practices (e. g. life
barriers) can potentially reduce water erosion on unprotected soils.
The higher yielding HB-83 contained less N in the grain, which indicates that
dilution occurred as a result of an increased carbohydrate production. However,
the concomitant increase in the yield of the HB-83 overcompensated with regard
to absolute protein gains per unit area; the grains were more efficient in the
uptake of N compared to local varieties.
The nitrogen harvest index (NHI) was not affected by the fertilisation level. Thus
fertilisation did not shift the N concentration toward more grain N but increased
protein content in all parts of the plants proportionally. Nonetheless, the nitrogen
use efficiency (NUE) was higher at F1 than at F2. This suggests that the levels of5
fertilisation in the F1 treatment (locally recommended amounts of fertiliser) are
close to the economic optimum. This also suggests that a careful economic
analysis of the N fertilisers should be made before using very high inputs as in
F2, and this for economic and ecological reasons.
Chlorophyll meter measurements
Farmers often hesitate to invest in inputs like seeds and fertilisers in order to
minimise risks. A chlorophyll meter measures the leaf greenness as an estimate
of leaf N concentration in a non-destructive way. This may be an alternative to N
soil sampling and N plant tissue analysis, both quite expensive methods for
estimating the N status of a crop at a certain growth stage. Thus, the N status at
earlier growth stages can then be related to the final yield. The chlorophyll meter
has been used successfully at early growth stages of maize fields to predict the
yield in many maize growing regions.
In this study, the chlorophyll meter was calibrated to distinguish between
varieties and treatments. The meter was more useful at lower than at higher
levels of fertilisation, where SPAD readings as estimates of chlorophyll contents
seemed to reach a plateau. Both linear and quadratic relationships were
observed between SPAD readings and maize grain yields. Central American
farmers often apply low levels of fertilisers. If chlorophyll meter readings were to
diagnose N deficiencies accurately and inexpensively, fertilisers could be applied
late in the season to counteract N deficiency. The chlorophyll meter should be
calibrated for each variety in order to predict the yield with sufficient precision.6
Résumé
Le maïs est la plus importante culture vivrière en Amérique Centrale, et plus
particulièrement au Guatemala. La fertilité du sol est réduite sur les sols érodés
en flanc de colline, et par sol acide, pauvre en éléments nutritifs, une situation
qui est aggravée en cas de sécheresse. De manière générale, le faible
épandage d'engrais et l'utilisation de variétés de pollinisation libre au lieu
d'hybrides sont les causes des bas rendements du maïs dans les tropiques. Les
rendements des hybrides modernes furent augmentés dans les zones de climat
tempéré grâce à l'introduction d'hybrides à croisement simple et plus tolérants
aux stress, ce qui permit une densité de semis supérieure. Une brèche
technologique considérable existe entre le rendement potentiel et le rendement
obtenu en champs d'agriculteur. L'adoption d'un éventail de technologies
spécifiques au site concerné pourrait réduire cette brèche. Dans cette étude, on
a tenté d'estimer et expliquer la brèche technologique présente dans une région
modèle, le bassin du Polochic au Guatemala, grâce à la variation ciblée de deux
composantes technologiques (variété et fertilisation) suivant plusieurs gradients
pédologiques et climatiques. Les essais furent conduits dans une approche de
réseau sur 74 champs d'agriculteur durant les quatre saisons (cycles culturaux)
de 1996 à 1998. L'hybride HB-83 fut comparé aux variétés locales, et ce sans
épandage d'engrais, aux niveaux de fertilisation recommandés dans le bassin
ainsi qu’à fertilisation "supra-optimale".
Les sols
En général, les sols étaient limoneux, avec un pH relativement bas (5.6 en
moyenne). Le bas pH n'était pas particulièrement lié à une haute concentration
d'aluminium, mais plutôt à une basse saturation de bases (CEC et surtout Ca).
La disponibilité de P était faible, et le bassin était déficient en K. Les
concentrations en éléments nutritifs étaient les plus élevées dans les premiers 20
cm de sol. Les sols des collines et sur le plateau sec avaient des propriétés
semblables, bien que le pH fût plus bas et la disponibilité en P plus élevée sur le
plateau sec. Sur le plateau inondable, la texture était plus sablonneuse. Comme7
la CEC et le pH étaient plus élevés que dans les autres domaines de
recommandation, le plateau inondable était plus approprié à la culture du maïs,
malgré le risque potentiel de nappe phréatique trop élevée.
La brèche technologique
Les rendements en grain de maïs augmentèrent de 2.38 à 3.42 t ha
-1 entre les
traitements F0 (sans fertilisation) et F1 (niveaux de fertilisation recommandés),
ainsi qu’entre les traitements F1 et F2 (fertilisation "supra optimale") mais dans
une moindre mesure à 3.83 t ha
-1. Ceci suggère qu'un épandage de plus de 150
kg ha-1 d'engrais azoté n'a qu'un potentiel limité d'augmenter les rendements
dans le bassin à un niveau économiquement viable et écologiquement
acceptable à la fois. La production de paille augmenta de F0 à F1, mais pas de
manière significative entre F1 à F2. L'indice de récolte (HI) était seulement
supérieur à F2 comparé à F0. Les variétés locales (2.90 t ha
-1) eurent un
rendement inférieur à celui du HB-83 (3.53 t ha
-1). Le HI fut supérieur chez le HB-
83 alors que la production de paille et donc, la biomasse des variétés locales
furent supérieures. Malgré tout, le HI du HB-83 fut encore 35% inférieur au HI de
certains hybrides européens. Le faible usage de paille comme aliment pour les
bovins dans le Polochic suggère que la sélection d'hybrides avec un HI supérieur
(par l'augmentation ou non de la biomasse et la diminution de la production de
paille) permettrait une plus haute rentabilité des investissements en semences
d'hybrides et en engrais.
Les rendements tant des variétés locales que du HB-83 augmentèrent de F0 à
F1 et de F1 à F2 dû à un poids de l'épi et un peuplement d'épis supérieurs. Le
peuplement en épis et la prolificité furent améliorés par la fertilisation sans
pourtant que le F1 se différencie du F2. Le peuplement de plantes fut réduit
manuellement à 4.4 pl m
-2 à 25 jours après les semis; il ne fut donc pas une
composante de rendement variable dans cette étude. Le poids de l'épi augmenta
avec la fertilisation dû à un nombre de grains par épi supérieur à F1, dû lui-
même à un nombre supérieur de rangs par épi et d'épis par rangs, alors que de8
F1 à F2, ce fut surtout le nombre de grains par rangs qui augmenta. Par ailleurs,
le poids de 100 grains expliqua en partie l'augmentation de rendement de F0 à
F1.
La différence de rendement entre les variétés locales et le HB-83 fut due à un
poids de l'épi et un peuplement en épis supérieurs. Le nombre de grains par épi
(dû à un nombre de rangs par épi plus élevé et non à un nombre plus élevé de
grains par rang) résulta en un poids de l'épi supérieur malgré un poids de 100
grains inférieur. La population en épis supérieure du HB-83 fut due à une
prolificité et un peuplement de plantes supérieurs, malgré le contrôle initial de ce
dernier, aux valeurs obtenues à la récolte chez les variétés locales. Les
composantes de rendement des deux variétés eurent une réponse semblable
aux niveaux croissants de fertilisation. Le HB-83 atteignit des rendements
supérieurs aux variétés locales même dans des environnements marginaux, et
des rendements encore plus élevés dans les environnements à haut potentiel de
rendement. Par conséquent, l'hypothèse de bas rendements du HB-83 à
fertilisation zéro se révéla non fondée dans cette étude.
Le peuplement de plantes fut réduit de 25% entre les semis et 25 jours après les
semis; par conséquent, dans les conditions des champs d'agriculteur, cette
composante du rendement pourrait contribuer aux variations de rendement. Le
pourcentage de germination et la vigueur des jeunes plantes durant les premiers
stages du cycle végétal furent légèrement supérieurs chez les variétés locales. A
la récolte, cependant, les variétés locales eurent un peuplement de plantes plus
bas, probablement dû à des dommages causés par la verse bien plus élevés que
chez le HB-83. Une augmentation de densité de semis ne mena pas à une
augmentation notable du rendement, ni au Polochic avec le HB-83, ni de
manière générale en Amérique Centrale, ce qui souligne l'importance d'une
réduction de la stérilité chez le maïs.9
La hauteur de plante et de l'épi sur la plante furent plus élevées chez les variétés
locales. L'épi était inséré plus bas sur la tige chez le HB-83, lui conférant une
meilleure stabilité, une condition préalable indispensable pour une meilleure
tolérante à la verse. Hauteur de plante, hauteur de l'épi sur la plante et verse
augmentèrent de F0 à F1 et de F1 à F2, ce qui illustre l'importance d'améliorer
ces traits de sélection secondaires, même dans des environnements favorables.
Les rendements inférieurs en zone de colline furent probablement dû à une
structure des sols peu favorable (profil peu profond, caillouteux). Le plateau
inondable fut plus fertile probablement en raison des inondations répétées de la
rivière et des dépôts d'alluvions enrichissant le sol. Cependant, la fertilisation
peut augmenter les rendements dans tous les domaines de recommandation.
La fertilisation augmenta les rendements de manière semblable durant les quatre
saisons, bien que le niveau de rendement fluctuât. Même si les différences de
rendement entre variétés fluctuèrent, l'hybride HB-83 eut un rendement supérieur
lors des quatre saisons. Ceci prouve la grande stabilité de rendements du HB-83
au cours des saisons et années, une propriété importante pour les paysans qui
doivent minimiser les risques d'investissements en semences et engrais.
Une grande variabilité dans les rendements fut observée dans le bassin du
P o l o c h i c ,d um i n i m u ma b s o l uà0 . 1 5a um a x i m u ma b s o l ud e7 . 9 4th a
-1 avec des
gains en rendement dû au HB-83 supérieurs sur le plateau sec. Il n'y eut que peu
de corrélations significatives entre les propriétés des sols et les composantes de
rendement. Seule la biomasse des variétés fut corrélée au ratio Ca : Mg. Par
conséquent, les éléments nutritifs qui ne furent pas apportés par les engrais NPK
ne semblèrent pas affecter de manière déterminante le potentiel de rendement
dans le bassin du Polochic; ceci limite le potentiel d'augmenter les rendements
par la fertilisation à part le chaulage. Des facteurs microclimatiques, la texture du
sol et les pratiques agronomiques sont des facteurs tout aussi déterminants. Une
couverture végétale de paille de maïs (se substituant au brûlis) et/ou d'engrais10
vert (par exemple de Mucuna spp.) pourrait augmenter les contenus de matière
organique et d'éléments nutritifs dans le sol. La paille de maïs, les engrais verts
et les mesures de conservation du sol (par exemple les barrières vives)
pourraient réduire l'érosion hydrique des sols non protégés.
Le HB-83 à rendement supérieur contenait moins d’azote dans le grain, ce qui
indique un effet de dilution dû à l'augmentation de la production d'hydrates de
carbone. Cependant, l'augmentation de rendement total dû à l'usage du HB-83 fit
plus que compenser cette diminution de concentration protéique dans le grain, et
permit une majeure production protéique par unité de surface. Les grains du HB-
83 absorbèrent l'azote avec plus d'efficience que les grains des variétés locales.
L'indice de récolte de l'azote (NHI) ne fut pas affecté par le niveau de fertilisation.
Par conséquent, la fertilisation ne déplaça pas la concentration en azote vers
davantage d'azote dans le grain mais augmenta plutôt la concentration de
protéines dans toute la plante uniformément. Cependant, l'efficience d'utilisation
de l'azote (NUE) fut plus élevée à F1 qu'à F2. Ceci suggère que les niveaux de
fertilisation dans le traitement F1 (recommandations locales de fertilisation)
furent proches de l'optimum économique. Ceci suggère également qu'une
analyse économique précise des engrais azotés doive être faite avant d'utiliser
d'aussi hauts niveaux de fertilisation que dans le traitement F2, et ceci pour des
raisons aussi bien économiques qu'écologiques.
La technique du chlorophyllomètre
Les paysans hésitent souvent à investir dans des intrants tels que semences et
engrais de manière à minimiser les risques. Le chlorophyllomètre mesure la
verdeur de la feuille et estime par ce biais sa teneur en azote de manière non
destructive. Ceci peut présenter une alternative à l'échantillonnage d'azote dans
le sol et à l'analyse de l'azote dans les tissus végétaux, deux méthodes
relativement coûteuses d'estimer le statut azote d'une culture à un certain stage11
de développement. Par conséquent, le statut azoté durant les premiers stages
de végétation peut être corrélé au rendement final. Le chlorophyllomètre à été
utilisé avec succès aux premiers stages de développement du maïs pour prédire
les rendements dans plusieurs zones de production de maïs.
Dans cette étude, le chlorophyllomètre fut calibré pour la distinction entre
variétés et traitements. Le chlorophyllomètre fut plus utile pour les bas niveaux
que pour les hauts niveaux de fertilisation, où les lectures SPAD estimant les
concentrations de chlorophylle dans la feuille semblent atteindre un plateau. Des
relations linéaires et quadratiques furent observées entre lectures SPAD et
rendements de maïs. Les agriculteurs épandent souvent de basses quantités
d'engrais en Amérique Centrale. Si les lectures de chlorophyllomètre pouvaient
diagnostiquer les carences d'azote de manière précise et peu coûteuse, les
fertilisants pourraient être ajoutés en fin de saison pour pallier ces carences. Le
chlorophyllomètre devrait être calibré pour chaque variété de manière à prédire
le rendement avec une précision suffisante.12
2. General Introduction
2.1. Maize in Central America
Maize is the most important food crop in the region of Central America and the
Caribbean. Maize consumption is especially high in low-income population
groups, that is in rural area and in the suburbs (Schmoock & Castillo, 1988).
Between 1980 and 1995, the urban population has grown faster than the total
population in Central America (Sain, 1999), and this is expected to increase
demand for maize in coming years.
Approximately 2 million ha are currently sown with maize (CIMMYT, 1999), which
is more than three times the area sown with any other crop in the region (FAO,
2000). The total maize production in the region reached 3.1 million tons in 1997
(CIMMYT, 1999). Guatemala, with a production of about 1.1 million tons, is the
main producer of maize in Central America. From 1991 to 1997, the area
cropped with maize in Guatemala has been decreasing in 4.1% on average each
year, reaching a plateau at 566,000 ha. Yields, on the other hand, rose by an
average of 1.2% a year to 2.0 t ha
-1 during the same period (CIMMYT, 1999).
Most farms that grow maize are small, three quarters of all farms being below 3.5
ha in size. Rainfall patterns often permit two growing seasons for maize. Two
thirds of maize is grown during the primera cropping season (sown in June and
harvested in October or November) and one third during the segunda cropping
season (sown between September and January, harvested between December
and May). On the whole, 80% of maize is grown as a single crop, while 20% is
grown associated with another crop, mainly bean or sorghum (Schmoock &
Castillo, 1988). Central America is a hilly region, and a significant proportion of
cropping land is located on hillsides (e.g., 30% in Guatemala; Sain & López
Pereira, 1997).13
2.2. Yield-limiting factors
2.2.1. Soil fertility
In Central America, 75% of the annual crops including maize, are grown on
hillsides, where soil fertility is lower (Neidecker-González & Scherr, 1995) and
risks of soil degradation are higher. Maize fields on slopes are particularly
susceptible to erosion, compounded by the common practice of overgrazing and
burning, leaving the soil uncovered. Generally speaking, these fields have a good
yield potential only in the first years after removing and burning the native
vegetation. Nonetheless, and because of demographic pressure, the use of
hillsides for growing maize is expected to increase in coming years (Bolaños,
1997).
The annual maize grain losses due to drought were estimated to be 15% in the
Central American region (Edmeades and Deutsch, 1994). In some environments,
low and irregular precipitation is a major yield-limiting factor. Drought problems
are emphasised on hillsides, where soils are shallow and have a lower water
absorption capacity (Brizuela et al., 1996).
In Latin America, 43% of the soil has low availability of nutrients, 38% is affected
by aluminium toxicity and 14% is acidic without aluminium toxicity (Lal &
Sanchez, 1992). This suggests that liming and adequate amounts of fertiliser
could make these soils highly productive. Extensive areas in Latin America (28%)
have high rates of P fixation (Lal & Sanchez, 1992) and a low P use efficiency. In
these areas, P application would, thus, potentially increase maize grain yields
(Raun & Barreto, 1995).
2.2.2. Fertilisation
Although the use of fertilisers has shown a steady increase from 1970 to 1987 in
Central America (Sain & López Pereira, 1997), it is still comparatively low. A
general study about fertilisation practices in Mexico and Central America
estimated that the annual amount of nitrogen applied to maize crops is as low as14
43 kg ha
-1 (Edmeades & Tollenaar, 1988). A survey in Central America showed
that fertilisation levels vary greatly from one farmer to another but were mostly
well below the locally recommended levels (Fournier et al., 1999). Poor
application of fertilisers leads both to lower economic returns and problems of
environmental degradation through depletion of soil nutrients (Edmeades &
Deutsch, 1994). The price of fertilisers and the farmers’ access to credit at maize
fertilising dates determine the amounts of fertiliser that are applied (Sain & López
Pereira, 1997). In some environments, the probability of drought makes the
economic risk of using fertiliser unacceptable (Edmeades & Deutsch, 1994).
2.2.3. Varieties
While hybrids dominate in the developed world, open pollinated varieties (OPVs)
still dominate in developing countries (CIMMYT, 1984). In Central America,
OPVs represented more than 70% of the germplasm produced by the national
maize research programs during the period 1966 to 1980. For the period 1980 to
1990, there was a tendency towards the development of hybrids (Córdova et al.,
1996). Hybrids generally have a higher yield potential than OPVs. In a regional
evaluation across various Central American environments, hybrids consistently
outyielded OPVs (Bolaños, 1995). On the other hand, the maintenance and seed
production of an OPV is simpler than for a hybrid. The exchange of germplasm is
also easier than with some varieties of closed pedigree maize, which involves
proprietary rights. Besides, seed of an OPV can be moved from farmer to farmer
and be saved from year to year (CIMMYT, 1984).
Because of a lack of funds and/or low availability of seeds, Central American
farmers sometimes resow hybrids in subsequent years. In a study in Guatemala,
the second generation (F2) showed a reduction of between 10 and 40% in their
original F1 grain yield; the F3 generation and later generations did not show
further reduction in yield (Pérez, 1997). The hybrids showed significantly higher
yields than the local OPVs in the first year; thus, the F2 and F3 yields of the
hybrids were similar to those of the OPVs.15
2.3. Yield gap
“Potential yield”, defined as the maximum yield attainable by a cultivar in farm
cultivation but free from hazards such as lodging, pests and diseases is usually
superior to the “realised yield”. This implies that yield potential is a function of the
cultivar, the environment and the interaction of the cultivar and the environment
(Evans & Fischer, 1999). Factors which can potentially enhance yield, besides
improving cultivars, are higher plant density, greater and more efficient use of
fertilisers, application of herbicides, insecticides and fungicides (Loomis &
Connor, 1992) and the interactions of these factors (Tollenaar & Wu, 1999).
Generally speaking, increases in yield over the last fifty years have been due to
improved cultivars and better cropping practices, including the use of nitrogen
fertiliser. In the developing world, improved management practices accounted to
about 75% of these increases (Edmeades & Tollenaar, 1988). Thus, yield
increases in these environments were mostly due to improved management
practices. In the developed world, this proportion was only about 40%. This
leaves about 60% of the increase being due to genetic gains in temperate
environments, which suggests that farmers in these environments have been
quick to exploit the responsiveness of new cultivars to increasing inputs
(Edmeades & Tollenaar, 1988).
The worldwide genetic improvement of cultivars has been due to increases in
yield potential, yield consistency and stress tolerance. In the developed world,
yield increases from the 1960s to the present averaged 104 kg or 2.6% / ha /
year (Edmeades & Tollenaar, 1988). To illustrate the progress made, Troyer
(1999) reports in his history of maize grain yields in the United States that OPVs
dominated the maize cropping area until the 1930s, with yields between 1.0 and
2.0 t ha
-1. During the 1930s, the introduction of the first, double cross hybrids did
not lead to significant yield increases per se. Only the improvement of these first
hybrids through recurrent selection during the 1940s and 1950s led to steady
yield increments, with yields increasing up to 3.5 t ha
-1. With the introduction and16
successive improvement of the single cross hybrids in the 1960s, the yields
increased from less than 4.0 to more than 8.0 t ha
-1 today (Troyer, 1999).
Duvick & Cassmann (1999) reported that modern maize hybrids have higher
yields due to their greater tolerance to stress, such as high plant densities,
through an increase in the leaf angle and in lodging resistance, drought tolerance
and a shorter anthesis-to-silking interval (ASI). Furthermore, a greater resistance
to the European corn borer (Ostrinia nubilalis H.) has been achieved. Other traits
of modern hybrids changed, too, increasing yields directly: decrease in grain
protein concentration with a concurrent increase in grain starch, decrease in
tassel size, less barrenness at higher plant density, and reduced rate of leaf
senescence during grain filling (Duvick & Cassmann, 1999). In tropical OPVs and
hybrids, the duration of grain filling was positively correlated with earliness, which
suggests a breeding strategy for earlier hybrids (Bolaños, 1992). Tollenaar & Wu
(1999) reported that increases in yield and stress tolerance of more recent maize
hybrids were associated with enhanced uniformity of the crop stand. Thus,
cultural practices such as uniform seedbeds and constant planting depth,
encouraging the uniform establishment of the plants, should contribute to a
higher yield (Tollenaar & Wu, 1999).
In the developing world, yield increases since the 1960s have averaged 43 kg or
2.8% / ha / year, which is two to three times lower than in the developed world
(Edmeades & Tollenaar, 1988). Genetic improvement of tropical germplasm led
to reduced plant height, decreased barrenness and a higher harvest index as a
result of a higher grain yield and greater biomass production. Enhanced
resistance to stress occurring near flowering, such as high density, drought or
nitrogen deficiency, was attained through breeding for tropical varieties, which
have a shorter anthesis-silking interval (ASI). Furthermore, shorter plant and ear
heights have resulted in a significant reduction in the lodging of tropical cultivars
(Edmeades & Tollenaar, 1988). While in the developed world single-cross
hybrids dominate, in the developing world triple- and double-crosses still17
dominate; only recently has breeding been directed toward single-cross hybrids
(Vasal et al., 1997). One of the reasons why two and three-way hybrids still
predominate in tropical environments is the lower cost of seed production
(Bolaños, 2000a).
The yield gap, defined as the difference between the potential farm yield and the
actual farm yield, exists because of restricted use of inputs or cultural practices
which result in lower yields than those possible on farms (Gomez et al., 1978). In
Guatemala, for example, greater inputs (improved seed, fertiliser, adequate
sowing density, weed, pest and disease control) result in yields that are almost
four times higher than with low inputs (local varieties, low density, without
application of fertiliser or pesticide; Schmoock & Castillo, 1988). Sain & López
Pereira (1997) estimated the yield gap between the yield potential of Central
American varieties and hybrids, as determined at experimental stations, and
compared them with the yields on commercial and subsistence farming systems
(Table 1).
Table 1. Estimate of the technological gap in maize production systems in
Central America (according to Sain & López Pereira, 1997; modified)
Maize grain yields [t ha
-1]
OPV
1) Hybrids
Yield potential 4.1 5.0
Actual yield
[t ha
-1]
Technological gap
[t ha
-1]
Commercial
farming
2.7 1.4 2.3
Subsistence
farming
1.0 3.1 4.0
1)Open Pollinated Variety
According to Gomez et al. (1978), "it is possible to explain the gap in two ways.
One is to identify what biological or physical inputs or cultural practices account
for the gap. The other is to identify why farmers are not using the inputs or
cultural practices that would result in higher yields on their own farms”. In both18
cases, studies conducted on-farm are needed to estimate the yield gap under
farmers' conditions.
2.4. Multi-site experiments
2.4.1. On-site variability
Variability of average farm land is often greater than variability at an experimental
station. In order to deal with the greater variability, researchers often try to set up
experiments at various sites, choosing for example 10 to 20 farms instead of only
one (Cornick et al., 1987). Evaluating yield differences among treatments and
varieties across sites offers a tool for studying patterns of response and
relationships with other factors such as soil and climate (Raun & Barreto, 1995).
Another strategy for dealing with considerable site-specific variability is to fix
some factors, concentrating on a couple of experimental variables (EVs) and
controlling the other variables (non-experimental variables; Cornick et al., 1987).
2.4.2. EVs: technological package vs. stepwise approach
Technological packages, including experimental variables such as variety,
amount of fertiliser, planting date and rate and weeding, are more likely to
generate a high yield increase. Nevertheless, farmers rarely adopt complete
packages because of a lack of funds and the desire to avoid risks. Thus, it has
been recommended to divide packages into subsets of one or two components
(allowing expression of interactions), which would enable a stepwise adoption of
the components by the farmers. The stepwise approach also enables the study
of each variable independently as well as the eventual interactions among
variables. When positive interactions occur, the adoption of one technological
component will accelerate the adoption of related components (Byerlee & Hesse
de Polanco, 1986).
2.4.3. Non-experimental variables (NEVs)
NEVs are the variables of the studied crop production systems that are left aside
by the current experimentation; they may be the time and method of land19
preparation and sowing, weeding and harvest dates. NEVs can have a large
influence on the conclusions that are drawn from the experiment, on the reliability
of the data obtained, and on the efficiency with which research resources are
used. This is why they should be considered carefully before the on-farm
experimentation phase (Lafitte & Bell, personal communication). Alternatively,
they can be set at farmer’s level, at a high, non-limiting level or at an intermediate
level (chosen for its expected profitability in a future technology package;
Harrington, 1980). In practice, some NEVs will be left at farmers’ level, while
others will be changed to an improved level (Lafitte and Bell, personal
communication).
2.5. Objectives
This study had two main objectives:
• to estimate the yield gap defined as the difference between the yield potential
of maize and the yield achieved under various combination of varieties and
management practices along pedological and climatic gradients in the
Polochic watershed in Guatemala
• to explain the yield gap existing between maize production systems through
targeted variation of two variables (technological components): germplasm
and fertilisation.20
3. Material and Methods (General)
3.1. General description of the Polochic Watershed, Guatemala
Guatemala is bordered by Mexico in the north and the west, by El Salvador in the
southeast, Honduras in the east, and Belize in the northeast (Figs. 1 and 2).
Fig. 1 Political Map of Central
America. After: Atlas Geográfico de
Honduras, 1996
Fig. 2 Geographic map of Central
America. After: ITMP, 1994
Located between the Dpt. of Alta Verapaz (Capital of Dpt. Coban) and of Izabal
(the Capital is Puerto Barrios), the studied area within the Polochic Watershed
covers an approximate area of about 1,800 km
2 (personal data) compared with
the area of the whole watershed (about 2,800 km
2; Sanchez, 1989). The
Polochic River flows for more than 151 km from its spring to the Lake of Izabal
(Leiva et al., 1983). It is located between 15º15’ and 15º30’ latitude north, and
between 89º20’ and 89º55’ longitude west. It comprises parts of the Districts of El
Estor and Senahu, Panzos (PAFG & IGN, 1990).
The watershed is bounded by two chains of steep mountains, the Sierra de
Santa Cruz in the north and the Sierra de Las Minas, a protected area in the
south. Close to the Lake of Izabal, the generally flooded Polochic delta zone is
another protected area. The Izabal hollow, with areas of erosion in higher areas
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Honduras
Guatemala
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El Salvador
Nicaragua
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100 km21
and areas of sedimentation in lower areas, skirt the sedimentation highlands
(Sanchez, 1989; PAFG, 1990). Most of the Polochic valley is based on
quaternary alluvium; in the south and the north of the Valley, close to the Sierras,
the minerals belong to the Carboniferous Permian, Santa Rosa Group (shales,
sandstones, conglomerates and phyllites; IGN, 1969).
The soil of the Polochic valley is divided into three classes according to the FAO
classification.
The first main class, Eutric Gleysoil, is found in the central part of the valley. It is
also referred to as Haplaquept (a type of Inceptisol) according to the US system
of soil classification, and has the following characteristics: loamy (less than 35%
clay but not a loamy sand or sand) or clayey (more than 35% clay), 20 cm thick
topsoil, gleyly (with soil saturated with water more than 60 days in most years),
and slightly acidic (pH 5 to 6). These soils have low to medium infiltration rates,
good water-holding capacity and a potentially high runoff on slopes, with a
correspondingly high risk of erosion (Sanchez et al., 1981; FAO/UNESCO,
1972). According to Sanchez et al. (1981), “denitrification frequently occurs in
anaerobic subsoil; tillage operations and certain crops may be adversely affected
by excess rain unless drainage is improved; good soil moisture regime for rice
production”.
The second class of soils is Dystric Cambisols (FAO) or Dystrochrept (another
type of Inceptisol, US classification system), and is found in the northern part of
the valley, near the Sierra de Santa Cruz. These soils have medium infiltration
rates, good water-holding capacity and have a pH between 5 and 6, which
means acid soils classification (Sanchez et al., 1981; FAO/UNESCO, 1972).
A third class of soils in the southern part of the Polochic, near the Sierra de Las
Minas, is the Orthic Luvisol (FAO classification system) or Hapludalf, a type of
Alfisol in the US classification (Sanchez et al., 1981; FAO/UNESCO, 1972).22
These soils are generally quite productive due to their relatively high base
saturation. High clay contents can inhibit seed germination and plant
development, reduce infiltration rate and foster erosion (Buol et al., 1980).
The Polochic watershed is influenced by Atlantic Ocean currents; these currents
release most of their water when they are constrained to climb onto the Sierra de
las Minas in the southern watershed; on the other side, in the Motagua
watershed, the climate is much drier and warmer due to adiabatic processes of
the currents from the Polochic (Wohlers, 1975). Most of the zone is classified as
warm subtropical, very humid forest area, according to the commonly used
classification system of Holdridge (PRIAG, 1994).
The cropped area was divided by the ICTA (Instituto de Ciencia y Tecnología
Agrícolas (Agricultural Science and Technology Institute of Guatemala) into three
domains of recommendation: hillsides, dry flatland and moist flatland, according
to water level and the topography. On hillsides, maize is grown during the
primera or the segunda cropping season and is followed by beans (Phaseolus
vulgaris) or fallow. On the dry flatlands, maize can be grown in the primera and
segunda cropping seasons. On moist flatlands, maize is grown during the dryer
segunda cropping season, while rice is grown during the primera cropping
season when some flooding occurs close to the Polochic River (Chávez and
García, 1996).
Most of the maize and bean are grown during the segunda cropping season,
while rice is grown exclusively during the primera cropping season; farmers also
grow cocoa, pineapple and citrics. Eighty percent of the maize cultivated in the
zone are local varieties, while 20% are improved open-pollinated varieties (see
Table A2 in appendix) or, increasingly, hybrid varieties, mainly HB-83. The
average yield is estimated to be 1.6 t ha
-1. Maize grown during the primera
cropping season is sown in undisturbed soil, right after weed and crop residues
are burned. Four to five seeds per hole are sown manually with a stick at 1m x
1m distance. Twenty and 40 days after planting (DAP), farmers cut down the23
weeds by hand; fertilisation is hardly used and maize is sometimes grown on
residual green manure (Mucuna spp., Canavalia spp.), sown 30 days after maize
sowing in the previous season and cut down before sowing. Insecticides are
used to control stem borer (Spodoptera frugiperda); no major diseases were
reported in this area, with the exception of ear rot caused mainly by Diplodia and
Fusarium spp. Maize ears are stored with the husks. In the segunda cropping
season, maize yields can be 5 to 30 % higher because of the lower incidence of
ear rot and better climatic conditions among other factors, and maize cropped
land area doubles. Farmers do not usually burn their fields at the beginning of the
segunda cropping season before sowing because of the high residual soil
moisture. The main weeds in this zone are Rottboellia spp., Echinochloa
colonum, Murdania nudiflora and Cyperus rotundus. Among the main limiting
factors affecting maize yields in the Polochic are limited access to capital and
weeds which are stimulated by high temperatures and precipitation, compete
with maize plants and spread ear rot. High precipitation in June occasionally
causes the Polochic River to flood newly sown areas. In February and March,
strong winds can cause up to 30% lodging, especially of taller improved varieties
(e. g., Cuyuta). Birds and mammals occasionally cause important damage to the
ears (PRIAG, 1994).
3.2. Description of the site
The experiments conducted during the segunda (September to May in 1996 and
1997) and primera (June to January in 1997 and 1998) cropping seasons in the
Polochic watershed are listed in Table A1 (see Appendix). They were located at
74 sites of the three domains of recommendation identified by the ICTA, hillsides
(31 sites), dry flatland (27 sites) and moist or inundable flatland (16 sites).
3.3. Experimental treatments
The experiments included two varieties (see Table 2), the farmers' local open
pollinated varieties (see also Table 2A in appendix) and HB-83 (Híbrido Blanco,24
released in 1983). HB-83, the origins of which are given by Quemé (1989) is a
white double cross, semi-dented hybrid, 2.25 m high with reported yields of 4.5 t
ha
-1; it is recommended by the ICTA for moist areas (ICTA, 1993; see also Table
2A in appendix). It is one of the highest-yielding hybrids in a wide range of
environments in Central America (Córdova et al., 1993). Hybrid and varieties
were grown at three fertilisation levels: zero (F0), recommended (F1) and supra
optimum (F2 (Table 2). See Table 2 for the amounts of fertiliser applied by
hectare: 182 kg diammon posphate (18-46-0), 91 kg calcium nitrate (15.5-0-0-12)
and 91 kg potassium sulphate (0-0-50-0-18), applied 7 to 10 DAP, 91 kg urea
(46-0-0) and 91 kg potassium sulphate applied 20 to 25 DAP and 136 kg urea
applied 35 DAP (F2); 194 kg Triple 15 (15-15-15) 8-10 DAP and 130 kg urea 35
DAP (F1); the F0 plots were not fertilised.
Table 2. Varieties and fertilisation levels, treatments and corresponding labels
used in the Polochic watershed study, Guatemala 1996-1998
Variety Local Open-Pollinated Varieties (OPV) Hybrid HB-83 (HB)
Fertilisation
1 0-0-0 89-13-24 151-37-76 0-0-0 89-13-24 151-37-76
Treatment zero recommended supra optimum zero recommended supra optimum
Label F 0O P V F 1O P V F 2O P V F 0H B F 1H B F 2H B
1kg ha
-1 N-P-K
3.4. Experimental design
The experiment with two varieties (HB-83 and OPV) at three fertilisation levels
(F0 to F2) included one to three replicates in a split-plot design, with varieties as
the main plots and fertilisation levels as the subplots. Experimental plots were 4.5
m wide, including 6 rows with an interspace of 0.9 m. Each row was 6 m long,
allowing for 13 holes, one every 0.5 m. With three seeds sown in each hole, the
sowing density was 66,666 seeds ha
-1. This sowing arrangement is
representative of local sowing practices. A superior, one-seed-per-hole sowing
method would require the use of machinery, which is still too costly. At 20 to 25
DAP, the stands were thinned to two plants per hole in order to reach the target
density of 44,444 plants ha
-1.25
3.5. Plot management
On the dry and moist flatland domains, the fields were previously ploughed with
tractors, while on hillsides, the soil was not disturbed. Most farmers burn weed
residue on their plots right before sowing with a wooden stick. Plant diseases
were generally not considered to be significant yield limiting factors in the
watershed, and thus left uncontrolled; ear rot, a disease caused by several
pathogens (mainly Fusarium moniliforme, Diplodia maydis and D. macrospora),
was the exception, affecting 5 to 30% of the ears. The disease was left
uncontrolled nevertheless, and the damage it caused was determined at the
harvest. Insects were controlled uniformly through the experimental plots; both
HB-83 and local varieties’ seed used in the experiments were treated with
insecticides (Semevin® (active ingredient (a. i.) thiodicarb)o rG a u c h o ®( a. i.
imidacloprid). Volaton® (a. i. phoxim) was applied at 15 to 20 DAP against
Spodoptera frugiperda (fall armyworm). Weeds were usually manually controlled:
plots were weeded by hand at sowing and at 15 to 20 DAP. In heavily weeded
fields, Roundup® (a. i. glyphosate) was applied before sowing in a mixture with
2,4 D® (a. i. 2,4-dichlorophenoxyacetic acid). Seeds were sown and plants
harvested by hand on all plots.
3.6. Climatic data
Rainfall was measured by means of rain gauges, and maximal and minimal
temperature using a Taylor® Dual Scale Maximum-Minimum (ºF/ºC)
Thermometer (both from Forestry Supplies, Inc., Jackson, MI, USA) at two
strategic locations in the Polochic zone: one was representative of the western
area of study, the other of the flatter, oriental area.
The rain gauges were fixed to wooden support posts, while the thermometers
were shaded. Farmers were trained to collect the data. Thefts and high
temperatures were the reasons for missing field data. Where necessary, the data
were complemented by weather data obtained from INSIVUMEH (Instituto26
Nacional de Sismología, Vulcanología, Meteorología e Hidrología), Guatemala
City, Guatemala.
Most of the studied area in the Polochic is located between 20 and 150 masl.
The annual precipitation is 2660 mm (concentrated from May to January) and the
average annual temperature 26.5°C (max. 35°C, min. 17.5°C); stronger winds
blow in February and March, and the relative moisture is 80.5% on average (with
100% maximum and 27% minimum (Mansilla, 1983). Evapotranspiration reaches
its maximum in May with 169 mm and its minimum in December with 105 mm.
The monthly average is 141 mm (INSIVUMEH; based on data of 20 years).
Below, Fig. 3 shows the monthly maximum, minimum and mean temperature,
and Fig. 4 shows the monthly precipitation for the location Panzos from 1990 to
1996. Fig. 5 shows the precipitation and Fig. 6 the maximal, minimal and mean
temperature as observed during the experimental years 1996 to 1998 at Panzos.
Figs. 7 and 8 present the same data for the location Sepur limite.
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Fig. 3 Monthly maximal, minimal and
mean temperature in Panzos,
Polochic watershed, Guatemala:
average for 1990 to 1996
(INSIVUMEH, 1999).
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Fig. 4 Monthly precipitation in
Panzos, Polochic watershed,
Guatemala: average for 1990 to
1996 (INSIVUMEH, 1999).27
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Fig. 5 Maximal, minimal and mean
temperature from October 1996 to
August 1998 at Panzos, Polochic
watershed, Guatemala (October
1996 to March 1997: own data; April
1997 to August 1998: INSIVUMEH,
1999).
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Fig. 6 Precipitation at Panzos,
Polochic watershed, Guatemala from
October 1996 to December 1998
(own data).
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Fig. 7 Monthly maximal, minimal and
mean temperature at Sepur limite,
Polochic watershed, Guatemala,
from November 1996 to September
1998 (November 1996 to March
1997: own data; April 1997 to
September 1998: INSIVUMEH,
1999).
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Fig. 8 Monthly precipitation at Sepur
limite, Polochic watershed,
Guatemala, from November 1996 to
December 1998 (own data)28
3.7. Observed parameters
3.7.1. Soil sampling
A 50 cm (diameter) x 50 cm (depth) hole was dug out in each plot, which means
six holes in a 2 varieties by 3 treatments experiment, and half that number of
holes as control around the experimental field. Samples were taken from depths
of 0 to 5 cm, 5 to 20 cm and 20 to 40 cm and, where possible, from 40 to 60 cm.
At sowing, a mixed sample of all plots was taken for each block or for each
experiment.
The samples were air-dried in the shade, then crushed to small grain and pre-
sifted before being sent to the CIA (Centro de Investigaciones Agronómicas),
University of Costa Rica, San José. There the following types of analysis were
done as shown in Table 3.
Table 3. Soil parameters and respective method of analysis of soil samples from
the Polochic experiments, Guatemala, 1996-1998
Soil parameters Method of analysis
1
pH in water, with potentiometer (Mc Lean, 1982)
acidity
2 with KCl 1 N (potassium chloride), titration with NaOH 0.01 N (Thomas, 1982)
Ca, Mg with KCl 1 N / atomic absorption spectrophotometer (Lanyon & Heald, 1982)
K with Olsen modified solution / atomic absorption spectrophotometer (Knudsen et al., 1982)
P with Olsen modified solution / colorimetrical blue of Mo (Olsen & Sommers, 1982)
Cu, Fe, Mn, Zn with Olsen modified solution / atomic absorption spectrophotometer (Baker & Amacher, 1982)
OM
3 with K2Cr2O7 1 N and by titration with Fe(NH4)2(SO4)2·6H2O (Schnitzer, 1982)
1The procedures are described by Henriquez et al. (1995) in a summarised, detailed version in Spanish language
2acidity: exchangeable Al
3OM: organic matter
Furthermore, the soil texture was analysed according to Bouyoucos, as
described by Anderson and Ingram (1993).
Soils tests for nitrogen include the determination of total soil nitrogen or organic
matter content and the direct estimation of inorganic nitrogen. The nitrogen
values obtained with these methods do not correlate satisfactorily with field29
response. Samples incubated under aerobic and anaerobic conditions and
measurement of mineralisation give good results, but are too time-consuming.
Other means, such as field experiments, should be used to determine optimum
levels of nitrogen fertilisation (Sanchez, 1976). Thus, a direct analysis of soil
nitrogen content was not made in this study.
3.7.2. Harvest
The central four rows of each plot were harvested, including the ears of lodged
plants; the first and last plants in the rows were discarded in order to minimise
border effects. At physiological maturity, the following data were collected: plant
lodging, plant and ear height, number of plants per unit ground area, number and
fresh weight of rotten and healthy ears, grain and stover fresh weight, grain
moisture and yield components (cobs per plant, rows per cob, number of kernels
per row, kernel weight).
After harvesting the ears, 5 to 10 plants (without roots) were collected from each
plot and separated into stover and grains. Both shoot parts were air-dried and
ground into powder. Plant and grain samples, representative of the different
sites, varieties and treatments, were analysed for nutrient content at the ICTA
laboratory. For the analysis of tissue, the extraction method of dry ashing was
used, with subsequent determination by Microkjeldahl in case of total nitrogen
(Bremner & Mulvaney, 1982; Faust et al., 1987), colorimetrically in the case of P
(Spectronic®, Milton Roy, USA; method after Olsen & Sommers, 1982), and by
atomic absorption spectrophotometry in cases of Ca, Mg, K, Mn, Cu, Fe and Zn
(Perkin Elmer, 1996; same methods were applied for soil and for plant samples
(Table 3).30
3.8. Statistics
Analyses of variance (F-test) were performed. The GLM (General Linear Model)
procedure of the SAS® statistical package (Statistical Analysis System, SAS®,
1982) was used. The Duncan test was used for means separation and grouping.31
4. Soil parameters
4.1. Results
4.1.1. Soil parameters: overall characterisation,
through depths and domains
Analyses of variance were done for 15 soil parameters (Table 4) and included
the factors domains of recommendation and depths as well as their interaction.
Interactions of domains with depths were usually insignificant for these
parameters at the P < 0.05 level. In the same table, Duncan mean grouping tests
were done for the soil parameters comparing domains and depths.
On average, the soils were loam or clay loam. The pH was relatively low, close to
the threshold value of 5.5 (see Table A3 in appendix). The aluminium content
was low, the phosphorus content was relatively low, close to the threshold value
of 12 mg l
-1 and there was a deficiency of K. CEC and Cu content were relatively
low. The Ca content was relatively low, close to the threshold value of 4 cmol(+)
l
-1 and the ratio of Ca to Mg was close to the threshold value of 2. The high
concentrations of Fe should be considered with caution, because the soil
sampling and the sifting were done with instruments containing iron.
P, K, Fe and O.M. decreased from depths of 0 to 5 to 5 to 20, and from 5 to 20 to
20 to 40 cm. Ca, Mn and Cu were only significantly lower at depths of 20 to 40
cm. The other soil parameters did not change significantly over the considered
profile.3
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Some soil parameters were correlated. The percentages of clay and sand were
negatively correlated (r > -0.60***) at the three depths. PH was negatively
correlated with Al (r > -0.50***) at the three depths. Similarly, pH was negatively
correlated at 5 and 20 cm depths with Fe (r > -0.50***). Furthermore, pH was
positively correlated with Ca (r > 0.50***) at the three depths. Ca was correlated
with Mg at a depth of 5 cm (r = 0.59***) and with Cu at a depth of 40 cm (r >
0.50***). No other correlations (r > 0.50) were observed.
When soil parameters were averaged over the three depths, and aside from the
correlations reported above, clay was negatively correlated with P (r = -0.55***)
and pH was positively correlated with CEC (r = 0.53***). Al was correlated with
Fe (r = 0.77***), P (r = 0.57***) and negatively correlated with Ca (r = -0.51***).
CEC was further correlated with Ca (r = 0.90***) and Mg (r = 0.89***).
The clay was lower, while the sand content was highest on dry flatland. The
content of sand was also higher on hillsides than on moist flatland. Ca, Mg, CEC
and pH were higher on moist flatland than in the other domains. Phosphorus and
Fe were higher on dry flatland than on both hillsides and moist flatland. K was
higher on hillsides than on other domains. The content of Al was higher on dry
flatland than on hillsides and on hillsides than on moist flatland.
4.2. Discussion
4.2.1. Soil parameters: overall characterisation
On average the soils in the Polochic watershed were clay loam or silt loam,
which is basically a good texture for maize cultivation, because the drainage is
generally adequate. The clay content per se was sufficient to maintain a relatively
high potential CEC and also results in a good water holding capacity. With regard
to the clay loam, the higher clay content may be responsible for a limited
permeability. The higher potential CEC associated with a higher clay content
slows down leaching of cations. For this reason, a more intensive fertilisation is
needed on these soils to increase base saturation (Monteith, 1994). In acid soils,34
hydrogen and Al tend to dominate as adsorbed cations. Thus, even with a high
potential CEC, a high proportion of adsorbed hydrogen indicates lower saturation
with bases (e.g., Ca, Mg; Brady, 1974).
The optimal pH for plant available N, P, K, Ca and Mg is higher than 6 (Brady,
1974). On the experimental sites in this study, the average pH was 5.6, which is
slightly to moderately acidic. Thus, availability of most of the macroelements was
expected to be low in the Polochic watershed; this was confirmed by the soil
analyses for P, K, Ca and the effective CEC. Without liming, larger applications
of fertilisers might be needed than on soils with a neutral pH because of a
reduced fertilisers efficiency in the watershed. Paradoxically, even at this pH, the
Mg availability was moderate, with a resulting low Ca to Mg ratio. For this reason,
it is possible that Mg was able to compete with Ca on maize roots, thus inducing
a Ca deficiency (Bertsch, 1995).
Acidity, which is a measure of exchangeable aluminium, was low. These low
values suggest that the lack of bases (especially Ca) rather than Al toxicity of
soils caused the low pH values. Similarly, Sanchez (1976) reported that, on an
acid soil in Puerto Rico, both Al toxicity and a direct lack of Ca were responsible
for poor growth. In Hawaii, soils with a pH below 5 had little exchangeable Al but
responded well to Ca fertilisation, suggesting a Ca deficiency (Sanchez, 1976).
Most of the soils in the Polochic are or were covered with forests. As they were
slightly acidic and under an udic soil moisture regime (as defined in the Keys to
Soil Taxonomy, Soils Survey Staff, 1992; generally speaking soils of humid
climates with an even distributed rainfall and good moisture storage), this could
lead to a sharper decline in soil fertility after burning, a widely practised method
in September to December before sowing. Organic matter and CEC are mostly
positively correlated (though not in this study). Thus, burning crop residues and,
thus, causing a decrease in the O.M. content, can further the deficiency in CEC
(Sanchez, 1976). In soils with a pH below 5.0, the opposite tendency was35
observed when the effective CEC decreases because the contents of O.M.
increase (Goedert et al., 1997). These soils, however, represent only a minority
of the experimental soils in the Polochic watershed. Thus, the relationship
between O.M. and CEC is complex and depends on site-specific parameters.
More conclusive than the effect of burning on CEC may be the effect of burning
on acidity. In fact, burning also leads to the short term basification and, over time,
to the acidification of the soils (Sanchez, 1976).
4.2.2. Soil parameters through depths and domains
The generally higher concentrations of plant nutrients within the first 5 or 20 cm
of soil, coupled with the higher O.M. percentage in upper layers strongly suggest
that most of these minerals came from the decomposition of the plants and other
organic compounds on the soil surface. The latter were then leached through the
first centimetres of soil as a result of the abundant rainfall in the zone. This was
confirmed by the fact that neither texture nor pH varied with depth and, thus, did
not seem to affect the availability of nutrients.
Soil on hillsides is clay-loam. The fine texture of this soil makes it particularly
susceptible to erosion; this risk is even higher on slopes. Soil in the moist flatland
is silt-loam. While the potential CEC may be lower, the efficiency of fertilisers
should be higher (see chapter 4.2.1). Soil in the dry flatland is also clay-loam but
contains less clay. The higher sand content allows for quicker leaching.
A low pH and a relatively high availability of Mn as well as low values for Ca, Mg,
Cu and CEC lowered the maize yield potential on the hillsides domain. Though
the availability of K was higher than on moist and dry flatland, it was still too low
to significatively enhance the yield potential. There did not seem to be other
limiting soil parameters compared to dry flatlands. The total soil profile was,
however, not as deep (often less than 50 cm; data not shown) and unfavourable36
physical properties (lower water holding capacity, stones) may decrease the yield
potential of maize.
The soil pH of dry flatlands was lower, but the contents of Al and Fe were higher
than on the other domains. It also contained less clay and more sand. As
Goedert et al. (1997) reported, “the formation of acid tropical soils is the result of
the combination of several factors, with greater importance to climatic conditions,
in terms of high temperature and intensive rainfall. These conditions favour the
rapid decomposition of soil raw material (rocks) with the consequent formation of
acid, leached and weathered soils”. The soil parameters of dry flatlands were
characteristic of such soils. However, P was considerably and unexpectedly
more abundant on dry flatland. This may be due to the presence in soils of
inorganic compounds of Fe and Al cations with phosphates, which dissolves by
rising pH and so increases P availability (Brady, 1974).
The effective CEC was highest on moist flatland. Ca, Mg, Cu and pH were also
higher, while the ratio of Ca to Mg, Al, Fe and Mn were lower. Thus, most of the
soil parameters on this domain make it more suitable for maize cropping than the
other domains, with two exceptions: P, which was most abundant on dry flatland
and K, which was most abundant on hillsides. Therefore, these nutrients should
be added to the soil in large amounts of fertilisation in order to increase the
general fertiliser response. If insufficient fertiliser is applied, then mineral
deficiency can be expected. However, a high water table (often as high as 50 cm,
data not shown) may occasionally affect maize cropping on moist flatland.
The lack of interaction between domains of recommendation and depth suggests
that, on the three domains, soil parameters changed similarly with depth.
Although initial values for soil parameters often varied from domain to domain,
physical (e.g., climatic) and biological processes seemed to affect soil formation
processes similarly in all the three domains of recommendation.37
The mostly loamy soils in the Polochic watershed have a suitable texture for
maize cropping. The relatively low pH and P, K as well as availability of Ca might
limit the maize yield potential in the area, and should be corrected by liming and
the application of larger amounts of fertiliser. The higher pH and greater
availability of nutrients on moist flatland should allow for higher yields in this
domain. On hillsides, the unfavourable soil structure might limit the yield
potential. In the following chapter, grain yields and other plant traits will be
analysed as they varied through sites and domains. Furthermore, relationships
between soil parameters at the experimental sites and domains, and plant traits
will be commented upon.38
5. Technological gap
5.1. Results
5.1.1. Comparison of the hybrid HB-83 with local varieties
under three fertilisation treatments
5.1.1.1. Grain yield and stover production
Analyses of variance were done for grain yield and stover production.
Furthermore, shoot biomass, calculated as the sum of grain yield and stover
production, was included in the analysis as well as Harvest Index (HI), which is
the ratio of grain yield to shoot biomass (Table 5). The analyses of variance
included the factors variety (HB-83 vs local varieties) and fertilisation treatments
(F0, low inputs; F1, recommended inputs; F2, high inputs). Interactions of variety
and treatment were not significant for any of these plant traits at the P < 0.05
level. Table 5 presents Duncan mean grouping tests for the plant traits, which
compare treatments and varieties.
Table 5. Significance levels of variety and treatment factors, R square, coefficient
of variation (C.V.), means and Duncan mean grouping test by factors variety and
fertilisation treatment for plant traits grain yield, stover production, shoot biomass
and Harvest Index
Plant traits
1 Pr > F
2 R
2 C.V. Mean Duncan mean grouping
3
factors variety Treatment
variety treatment Local HB-83 F0 F1 F2
yieldg [t ha
-1] *** *** 0.84 24 3.21 2.90b 3.53a 2.38c 3.42b 3.83a
yields [t ha
-1] *** *** 0.87 20 6.95 7.58a 6.29b 5.66b 7.44a 7.71a
biom [t ha
-1] ** *** 0.89 16 10.24 10.52a 9.94b 8.06c 10.98b 11.63a
HI *** ** 0.80 18 0.34 0.30b 0.37a 0.32b 0.34ab 0.35a
1 yieldg: grain yield, yields: stover production, biom: shoot biomass, HI: Harvest Index
2 ***: P > 0.001, **: P > 0.01
3P > 0.05, values with the same letter are not significantly different
Grain yield increased significantly from F0 to F1 and from F1 to F2. Nonetheless,
the yield increase from unfertilised plots to plots under recommended fertilisation
was about 1.0 t ha
-1, while only 0.4 t ha
-1 separated yields obtained under
recommended and high fertilisation. Biomass showed a similar response to the39
three fertilisation treatments. While stover production was clearly higher at both
F1 and F2 than at F0, it did not increase significantly from F1 to F2. The harvest
index was significantly higher at F2 than at F0, while at F1 it was neither
significantly different from HI at F2, nor from HI at F0. The hybrid HB-83 had a
0.6 tha
-1 higher grain yield but a 1.3 tha
-1 lower stover production. Consequently,
the local varieties produced more biomass, while the hybrid had a higher HI.
In Fig. 9, grain yields of local varieties and HB-83 under three treatments (F0, F1
and F2) are compared. Although local varieties and HB-83 showed a similar
response to fertilisation levels from F0 to F2 (P = 0.49 for the interaction), the
yield of the hybrid was superior by 0.4 t ha
-1 at F0 and by 0.8 t ha
-1 at both F1
and F2. The yields varied from 2.2 t ha
-1 of the local varieties at F0 and 4.3 t ha
-1
of the HB-83 at F2.
Stover production and shoot biomass of both HB-83 and local varieties under the
same three fertiliser treatments are compared in Fig. 10. Stover production (P =
0.86 for the interaction) and total shoot biomass (P = 0.71 for the interaction) of
both local varieties and HB-83 showed a similar response to fertilisation F0 to F2.
Biomass varied from 7.7 t ha
-1 for the hybrid at F0 to 11.9 t ha
-1 for the local
varieties at F2.40
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Fig. 9 Maize grain yield of local varieties (Local var) and HB-83 without fertiliser
(F0) and at recommended (F1) and high levels of inputs (F2)
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Fig 10. Stover production (black bars) and shoot biomass (whole bars, including
stover production (black bars) and grain yield (grey bars) for local varieties (Local
var) and HB-83 without fertiliser (F0) and at recommended (F1) and high levels
of inputs (F2)
5.1.1.2. Yield components
Analyses of variance were done for plant population, plant fertility, 100 grain
weight and grain number per ear (Table 6). The analyses of variance included41
the factors variety and fertiliser treatment. Interactions of variety and treatment
were not observed for any of these plant traits. Table 6 presents the Duncan
mean grouping tests for the plant traits and compares treatments and varieties.
Table 6. Significance levels of variety and treatment factors, R square, coefficient
of variation (C.V.), means and Duncan mean grouping test by factors variety and
treatment for traits plant population, plant fertility, 100 grain weight and grain
number per ear
Plant traits
1 Pr > F
2 R
2 C.V. Mean Duncan mean grouping
3
factors variety Treatments
variety treatment Local HB-83 F0 F1 F2
pl m
-2 ** ns 0.71 10 3.87 3.80b 3.95a 3.82(a) 3.90(a) 3.90(a)
ear pl
-1 *** *** 0.59 12 0.89 0.86b 0.92a 0.84b 0.91a 0.93a
100gwt [g] *** *** 0.74 12 32 33a 31b 30b 33a 33a
ng ear
-1 *** *** 0.77 12 425 412b 438a 373c 440b 461a
1 pl m
-2: plant population, ear pl
-1: plant fertility, 100gwt: 100 grain weight and ng ear
-1:g r a i n
number per ear
2 ***: P > 0.001, **: P > 0.01, ns: non significant, P < 0.05
3 P > 0.05, values with the same letter are not significantly different; letters in brackets refer
to the non significance of the respective factor in the analysis of variance
The plant population did not vary with fertilisation, as it was controlled already
early in the growing period. The ear population, which is the product of plant
population and plant fertility, was significantly higher at F1 and F2 (data not
shown). This was due to the significantly lower number of sterile plants
(barrenness) at F1 and F2. This trait was not significantly enhanced from F1 to
F2. Similarly, the 100 grain weight did not vary from F1 to F2 but was significantly
higher at F1 and F2 than at F0. Both grain number per ear and individual ear
weight, calculated as the product of individual grain weight and grain number per
ear (data not shown), increased significantly from F0 to F1 and from F1 to F2.
The increases were much greater between F0 and F1, with gains of 20 g per ear
and 70 grains per ear, than between F1 and F2 with an increase of 10 g and 20
grains per ear.
The vigour of the HB-83 hybrid was shown by its higher plant population (+0.15
pl m
-2) and higher plant fertility (+6%) and, thus, by its higher ear population
(+0.33 ear m
-2; data not shown). The local varieties, despite their 6% higher 10042
grain weight, had much fewer grains per ear (-26 grains ear
-1) and, thus, a lower
individual ear weight (-10 g; data not shown).
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Fig. 11 Plant population at harvest of
local varieties (Local var) and HB-83
without fertiliser (F0) and at
recommended (F1) and high levels
of inputs (F2))
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(Local var) and HB-83 without
fertiliser (F0) and at recommended
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Fig. 13 100 grain weight at harvest of
local varieties (Local var) and HB-83
without fertiliser (F0) and at
recommended (F1) and high levels
of inputs (F2)
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Fig. 14 Grain number per ear of local
varieties (Local var) and HB-83
without fertiliser (F0) and at
recommended (F1) and high levels
of inputs (F2)43
The plant population of both local varieties and of HB-83 showed a similar
response to fertilisation levels F0 to F2 (P = 0.22 for the interaction), though the
fertiliser treatments F1 and F2 tended to increase the plant population of HB-83
to a greater extent than that of the local varieties (Fig. 11). In comparison, though
the plant fertility of both HB-83 and the local varieties responded similarly to
fertilisation F0 to F2 (P = 0.54 for the interaction), the plant fertility of the local
varieties seemed to respond slightly better to F2 (Fig. 12).
While the 100 grain weight of HB-83 and the local varieties responded similarly to
fertilisation levels F0 to F2 (P = 0.51 for the interaction), the 100 grain weight of
HB-83 seemed to respond better to F1 than the local varieties (Fig. 13). Varietal
responses to F0 and F2 seemed to be higher. In comparison, though grain
number per ear of HB-83 was only slightly higher at F0, it was higher at F2 and
even higher at F1 than the grain number per ear of the local varieties (Fig. 14).
The interaction of variety and fertilisation level was almost significant (P = 0.053).
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Fig. 15 Relationships among number
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The detailed analysis of the components of the grain number per ear shows that
the number of grains per ear row was similar for the local varieties and for HB-83,
while the number of rows per ear and, thus, the total grain number per ear of the
hybrid were superior (Fig. 15). Fertilisation increased both the number of grains
per row and the number of rows per ear and, thus, the total number of grains per
ear (Fig. 16). The increase in grain number per row and per ear was greater from
F0 to F1 than from F1 to F2. The number of rows per ear was not significantly
higher at F2 and at F1.
5.1.1.3. Other plant traits
Analyses of variance were also done for plant and ear height and for lodging
(Table 7). The analyses of variance included the factors variety and treatment.
Interactions of variety and treatment were not observed for any of these plant
traits. Table 7 presents the Duncan mean grouping tests for the plant traits and
compares treatments and varieties.
Table 7. Significance levels of variety and treatment factors, R square, coefficient
of variation (C.V.), means and Duncan mean grouping test by factors variety and
treatment for plant and ear height and lodging
Plant traits
1 Pr > F
2 R
2 C.V. Mean Duncan mean grouping
3
factors variety treatments
variety treatment Local HB-83 F0 F1 F2
planth [cm] *** *** 0.92 6 238 254a 222b 223c 242b 250a
earh [cm] *** *** 0.93 9 120 135a 104b 108c 123b 129a
lodging [%] *** ** 0.82 81 8.3 14.0a 2.0b 6.2b 7.8b 11.0a
1 plant and ear height
2 ***: P > 0.001, **: P > 0.01
3P > 0.05, values with the same letter are not significantly different
Both plant and ear height increased considerably from F0 and F1, and still
significantly at a lower rate from F1 to F2 as well. The lodging incidence
increased with fertilisation, especially from F1 to F2. Local varieties were much
taller than HB-83 and were also much more susceptible to lodging.45
5.1.2. Grain yield response through seasons, domains and sites
5.1.2.1. Response through seasons
Fig. 17 shows the grain yield of HB-83 and local varieties averaged over all sites
as they varied through cropping seasons. Overall, the yields were highest during
the primera cropping season in 1998 and lowest during the postrera season
1997/1998 (Fig. 17). This was probably due in part to the effects of lodging,
which was highest during the postrera 1997/1998 and lowest during the primera
1998 (data not shown). The higher lodging incidence during the postrera
1997/1998 was probably due to the higher stover production during this season.
Since stover production was highest during the postrera 1997/1998 and lowest
during the primera 1998 (data not shown), these differences may have been
caused by rainfall (see Figs. 6 and 8 in Material and Methods). Ear rot was
particularly high during the primera 1997 cropping season (data not shown),
which might partially explain the lower yield level compared to the primera 1998.
The yield of HB-83 was superior to that of the local varieties in all seasons, while
it was only 18 and 5% higher during the postrera 1996/1997 and during the
primera 1998; it was 63% higher during the postrera 1997/1998 and 225% higher
during the primera 1998 compared to the yield of the local varieties. Interactions
of the two varieties with the four cropping seasons were, thus, significant, too, for
other plant traits, including plant population (Fig. 18), 100 grain weight (Fig. 20)
and grain number per ear (Fig. 21), but not for plant fertility (Fig. 19), stover
production and biomass (P<0.05; data not shown).46
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Fig. 17 Maize grain yields of local varieties (Local var) and HB-83 during four
cropping seasons: postrera 1996/1997 (pos’96/’97), primera 1997 (prim’97),
postrera 1997/1998 (pos’97/’98) and primera 1998 (prim’98)
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Fig. 18 Plant population at harvest of
local varieties (Local var) and HB-83
during four cropping seasons:
postrera 1996/1997 (pos’96/’97),
primera 1997 (prim’97), postrera
1997/1998 (pos’97/’98) and primera
1998 (prim’98)
cropping season
pos'96/'97 prim'97 pos'97/'98 prim'98
e
a
r
p
l
-
1
0.85
0.90
0.95
1.00
Local var
HB-83
Fig. 19 Plant fertility of local varieties
(Local var) and HB-83 during four
cropping seasons: postrera
1996/1997 (pos’96/’97), primera
1997 (prim’97), postrera 1997/1998
(pos’97/’98) and primera 1998
(prim’98)47
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Fig. 21 Grain number per ear of local
varieties (Local var) and HB-83
during four cropping seasons:
postrera 1996/1997 (pos’96/’97),
primera 1997 (prim’97), postrera
1997/1998 (pos’97/’98) and primera
1998 (prim’98)
The response of plant population of local varieties and HB-83 varied significantly
through seasons. While during the first three cropping seasons the plant
population of local varieties and HB-83 were similarly high (3.6 to 4.0 plants m
-2),
during the primera 1998 the plant population of local varieties dropped to below
2.5 plants m
-2 (Fig. 18). These differences may be due to the rainfall patterns
during the early growing stages. This is supported by the fact that the plant
fertility of both HB-83 and local varieties responded similarly in all four cropping
seasons (P = 0.51), but the values for local varieties were extremely high (above
1) during the primera 1998 cropping season but highest of all cropping seasons
as well in HB-83 (Fig. 19).
The 100 grain weight of HB-83 and local varieties responded differently to
cropping seasons (Fig. 20). While during the first three cropping seasons the 100
grain weight of the local varieties tended to be slightly higher, the reverse was
true for HB-83, the value of which was much higher during the primera 1998. In
comparison, the grain number per ear of HB-83 was always higher than that of
the local varieties, but this difference was most pronounced (about 15%) during
the postrera 1997/98 and during the primera 1998 (about 25%) in those two48
seasons, while the yield of local varieties was very low (Fig. 21). Thus, the
response of both 100 grain weight and grain number per ear varied significantly
in all cropping seasons, with clear patterns of compensation among the yield
components of local varieties, whereas the high yield stability of HB-83 was due
to the good expression of all the yield components even during the primera
season 1998.
Lodging was generally higher for the local varieties, particularly so during the
postrera 1996/1997 and 1997/1998. Ear rot, too, was found to a greater extent in
the local varieties, particularly so during the primera 1997 and during the
postrera 1996/1997 (data not shown). Both lodging and ear rot, thus, contributed
to the higher grain yields of HB-83 in all seasons, but this does not explain the
yield discrepancy between varieties in the primera 1998. Interactions of
fertilisation with cropping season were usually insignificant. Thus, most plant
traits responded similarly in all cropping seasons.
5.1.2.2. Response through domains
Fig. 22 shows the grain yield of the local varieties of maize and of HB-83 as they
varied through domains of recommendations. It was assumed that the
corresponding series of sites were representative of maize cropping systems in
the domains of recommendation.
On moist flatland, ear population, grain number per ear, ear weight, shoot
biomass (data not shown) and grain yield were higher than on dry flatland. These
plant traits, including grain yield, were higher on moist and dry flatland than on
hillsides. Stover production was lower on hillsides and similar on dry and moist
flatland (Fig. 23). Thus, the HI increased from hillsides to dry flatland and from
dry to moist flatland (data not shown).49
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Fig. 22 Maize grain yields of local varieties (Local var) and HB-83, averaged
across three domains of recommendation: hillsides and dry and moist flatland
Interactions of the two varieties with the three domains of recommendations were
significant for most plant traits (P<0.05; see Table A4 in appendix) including
stover production (Fig. 23). The local varieties produced the highest amount of
stover on dry flatland and less in the other domains, while HB-83 produced about
the same amount of stover on moist flatland with a strong decrease on dry
flatland on to hillsides. Interactions of domain with variety were, however, not
significant for plant population (P = 0.29), ear weight (P = 0.44) and grain yield (P
= 0.095; Fig. 22). Indeed, the grain yield of the local varieties and of HB-83
responded similarly in all domains, though the differences tended to be greatest
on dry flatland and lowest on hillsides. Interactions of fertilisation level with the
domain of recommendation were mostly non-significant. Thus, the values of most
plant traits increased similarly with fertilisation across domains.50
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Fig. 23 Maize stover production of local varieties (Local var) and HB-83,
averaged across three domains of recommendation: hillsides and dry and moist
flatland
Interactions of the three domains of recommendations with the four cropping
seasons were significant by all traits studied (see Table A5 in appendix). Most
plant traits (ear population, plant fertility, 100 grain weight, grain number per ear,
grain yield and HI) tended to increase from hillsides to dry flatland and from dry
to moist flatland in all cropping seasons with the exception of the primera 1997.
During this season, the plant traits were constant on hillsides and on dry flatland.
Ear weight, shoot biomass, lodging, ear rot and shelling index were higher on
moist than on dry flatland and on flatland than on hillsides in all cropping
seasons. Plant population, stover production, plant and ear height varied
differently in the domains of recommendation in the cropping seasons.
5.1.2.3. Response through sites
5.1.2.3.1. Multi-site variability
In a joint linear regression analysis, the yields of local varieties and HB-83 were
compared as they varied through all sites (Fig. 24). Fig. 24 shows the actual
grain yields of the local varieties and HB-83, correlated with the mean
environmental yields, which represent the mean yield of all treatments and
varieties at each experimental site. A significant interaction, cultivar by site, was
observed: the absolute yield difference between HB-83 and the local varieties51
was 70% higher at the site with the highest yield potential as compared with the
site with the lowest yield potential. HB-83, thus, seems to perform
overproportionally better than the local varieties at sites with a higher yield
potential. Large differences were found between sites with the highest and lowest
yield potential, with grain yields ranging from 0.29 to 5.21 t ha
-1 (local varieties)
and 0.71 to 6.34 t ha
-1 (HB-83). At the site with the lowest yield potential, HB-83
yielded 65% more than the local varieties, while at the site with the highest yield
potential, the relative yield advantage of HB-83 compared to the local varieties
was only 28%. In relative terms, thus, the yield advantage of HB-83 over the local
varieties was two to three times higher at sites with lower yield potential.
The actual grain yields of the three treatments were compared with the mean
environmental yields in a joint linear regression (Fig.25). A significant interaction
treatment by site was observed: the treatments F2 and F1 seem to have a
similarly good effect on varieties in low- and high-yielding environments. In
absolute terms, both F1 and F2 have an overproportionally better effect than F0
at sites with a higher yield potential. The relative yield difference between plots at
F0 and at F2, however, was about 10 times higher at the site with the lowest
yield potential than at the site with the highest yield potential.
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Fig. 25 Joint linear regression between environmental mean yield and the
average yield of three treatments at 55 sites
There are large differences between sites with the highest and lowest potential,
with grain yields ranging from 0.22 to 6.72 t ha
-1 (F0), from 0.38 to 6.84 t ha
-1 (F1)
and from 0.82 to 7.11 t ha
-1 (F2). Yields per plot (combination of site, variety and
fertilisation level factors) were calculated (data not shown). The absolute
maximum yield was 7.94 t ha
-1 and the absolute minimum yield was 0.15 t ha
–1.
On five plots (four at ICTA and one at La Calera, both sites being on dry flatland),
the grain yield of HB-83 (F1 or F2) was higher than 7 t ha
-1. On six fields (San
Juan (three sites) and Manguito on dry flatland, Carabajal and Salac mont on
hillsides), the grain yield was lower than 0.5 t ha
-1. These plots were sown for the
most part with local varieties and were not fertilised.
Quartiles were calculated for the grain yield of varieties as dependent on
treatment and site. The first 25% of all grain yields were from 0 to 2.01 t ha
-1 and
the last 25% from 4.24 to 7.94 t ha
-1. On hillsides, 45% of the fields produced a
yield in the first quartile, while only 6% of the fields on moist flatland did. On
moist flatlands, 88% of the fields produced a yield in the last quartile, as 21% of
the fields on hillsides did.53
Fig. 26 (a to c) shows grain yields of local varieties and HB-83 under fertiliser
treatments F0 to F2 as they varied across three domains of recommendation
hillsides, dry flatland and moist flatland. This interaction of domain by variety by
fertiliser treatment was significant at P > 0.001.
On hillsides, the yield superiority of the HB-83 was higher in the F1 and F2
treatments than in the F0 treatment (Fig. 26 a). Thus, HB-83 tended to respond
better than local varieties to fertilisation on hillsides. On dry flatland, however, the
yield superiority of HB-83 was already high in the F0 treatment (Fig. 26 b).
Although the local varieties tended to respond better than HB-83 to fertilisation,
their yield was lower than that of HB-83 at all three levels of fertilisation. On moist
flatland, the yield of all the varieties in the F0 treatment was already more or less
the same as the yield of all varieties on dry flatlands in the F1 treatment. The
yield of HB-83 was about the same as that of the local varieties in the F0
treatment but tended to respond better to the F1 treatment (Fig. 26 c). Only four
of the fields (n = 4) were sown with local varieties in this domain; thus, the
response of the cultivar in this domain should be considered with caution.5
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5.1.2.3.2. Biomass and soil depth parameters
In a correlation analysis of all values (of the two varieties at three levels of
fertilisation) for plant traits and soil properties, no significant correlation was
found (see Chapter 4: soil parameters) at depths of 5, 20 or 40 cm. No significant
correlation was found either between plant traits and soil parameters averaged
over the three soil depths. The various combinations of two depths did not show
significant correlation with plant traits. The values for plant traits were averaged
(5.1.2.3.3) according to variety and treatment and were included in a correlation
analysis of the respective soil properties at different depths.
5.1.2.3.3. Biomass and soil parameters through varieties and treatments
Grain yield, stover production and biomass averaged for each variety, and soil
parameters were subjected to a correlation analysis (see soil parameters in
Chapter 4). No correlation was found at 5, 20 or 40 cm depth. Furthermore, grain
yield, stover production and biomass were correlated with soil parameters in
each treatment. Only the ratio of Ca to Mg in treatment F2 (high inputs) was
correlated with biomass (R = 0.51***).
A more detailed correlation analysis of grain yield, stover production and biomass
with each combination of both varieties and three fertilisation treatments was
made. These values were then related to soil properties at each depth.
At a depth of 5 cm, in the F0 treatment, the yield of the local varieties was
correlated with Cu (R = 0.57***). The biomass of the local varieties was also
correlated with the ratio Ca to Mg (R = 0.52***). In the F2 treatment, the stover
production of HB-83 was correlated with the ratio Ca to Mg (R = 0.55***).
S i m i l a r l y ,t h eb i o m a s so fH B - 8 3w a sc o r r e l a t e dw i t ht h er a t i oC at oM g( R=
0.55***) and negatively correlated with clay (R = -0.53***).
At a depth of 20 cm, the yield of the local varieties in the F0 treatment was
correlated with Cu (R = 0.57***) and the biomass of the local varieties was
correlated with ratio the Ca to Mg (R = 0.52**). The stover production of HB-83 in56
the F2 treatment was correlated with the ratio Ca to Mg (R = 0.55***). The
biomass of HB-83 was positively correlated with the ratio Ca to Mg (R = 0.55***)
and negatively correlated with clay (IRI = 0.53***). At a depth of 40 cm, the local
varieties in the F0 treatment were correlated with Cu (R = 0.58***). No other
correlation was found at this depth.
A stepwise, linear regression analysis of grain yield was made according to the
procedure STEPWISE of SAS® (1982). The grain yield of maize was expressed
as a function of soil parameters. Through the three depths in average as well as
through the various combinations of two depths, mainly the same soil parameters
explained most of the grain yield: clay (partial R
2 = 0.09***), pH (partial R
2 =
0.08***), sand (partial R
2 = 0.04***), Cu (partial R
2 = 0.04***) and K (partial R
2 =
0.03***). On the whole, 29% of the grain yield was explained by the combination
of these soil parameters. The partial R
2 values are a measure of the relative
importance of the respective soil parameters in explaining grain yield. Thus, for
grain yield, clay and pH were the main parameters.
Similarly, stover production and biomass were integrated into the same stepwise,
linear regression analysis. Al (partial R
2 = 0.18***), the ratio Ca to Mg (partial R
2
= 0.12***), Fe (partial R
2 = 0.06***), P (partial R
2 = 0.03***) and O.M. (partial R
2 =
0.02***) were the soil parameters that explained most of the stover production;
the combination of these values explained 29% of stover production, with Al and
the ratio Ca to Mg the main parameters explaining stover production.
Similarly, the biomass was best explained by the soil parameters Al (partial R
2 =
0.08***), the ratio Ca to Mg (partial R
2 = 0.14***), Fe (partial R
2 = 0.07***), P
(partial R
2 = 0.04***) and pH (partial R
2 = 0.03***). The combined parameters
explained 36% of biomass production. The ratio Ca to Mg and Al were the main
parameters that explained biomass production. Similar regressions, executed
independently over the three depths, showed for the most part that the same soil
parameters were related to grain yield, stover production and biomass.57
5.2. Discussion
5.2.1. Comparison of the hybrid HB-83 with local varieties under three
fertilisation treatments
5.2.1.1. Grain yield and stover production
Even the mean grain yield of HB-83 in the non limiting fertiliser treatment (F2)
was 51% (3.83 t ha
-1; see Table 5) of the average (5.79 t ha
-1) obtained by
Cordova et al. (1992) across 51 environments in Central America and 43% less
than the average (5.47 t ha
-1) obtained by Bolaños (1992) across ten sites in
Central America. Urbina (1992) compared hybrids of experimental stations in
Central America; the yield of HB-83 was about 5% lower than that reported by
Bolaños (1992). A similar study at Central American experimental stations
(Pixley, 1992) showed a grain yield of 4.47 t ha
-1 for HB-83, about 39% higher
than in this study and about 22% lower than found by Bolaños (1992). Bolaños
(1992) reported a stover production similar to that obtained in this study. The
grain yield in the Polochic was lower and stover production similar; thus, shoot
biomass and the harvest index were both lower than reported by Bolaños (1992).
In all these studies, however, the sites were usually experimental stations with a
higher yield potential and optimal management, while, in the Polochic, on-farm
research sites with low yield potential and lower management intensity were
included. This explains the lower yield in the watershed. The higher C.V. (24%) in
the Polochic further demonstrates the differences in the yield potential of the
sites. In comparison, Cordova et al. (1992) found a C.V. of 15%.
The harvest index of the local varieties and HB-83 was similar to the HI of the
OPVs and the hybrids described by Bolaños (1992; see Table 5). On the
contrary, the HI was about 27 and 8% lower respectively than that of tropical
OPVs and tropical hybrids as reported by Feil et al. (1992a). The HI of European
hybrids (Feil et al. (1992a) was 35% higher than the HI of HB-83. This indicates
the success of the breeding strategy in Europe, aimed at enhancing the grain
yield by increasing its proportion to the shoot biomass, as was reported by58
Edmeades & Tollenaar (1988) and Bolaños (1995). Most tropical hybrids are
selected primarily for their grain yield than for stover production and, thus, a
higher HI can be expected (Bolaños, 1995). The stover production of the local
varieties was indeed higher. In the Polochic watershed, stover is not usually used
as cattle fodder. A higher grain production, even if it is associated with a reduced
stover production, would, thus, be considered to be an improvement by farmers.
Both the grain yield and the HI of HB-83 were significantly higher. A higher HI
means either a lower stover production or a higher grain yield (or both). In this
study, the HI was only weakly correlated with grain yield (r = 0.41***) but
negatively correlated with stover production (r = -0.54***) and very weakly and
negatively correlated with shoot biomass (r = -0.26***). Shoot biomass, resulting
from the combination of grain yield and stover production, was more strongly
correlated with stover production (r = 0.94***) than with grain yield (r = 0.74***).
This indicates that there is still some scope for shifting the distribution of biomass
toward a higher grain yield by reducing stover production. Two possibilities have
been suggested for improving the HI. First, the introduction of germplasm from
temperate climates and second, selecting for improved varieties within groups of
adapted tropical genotypes have been suggested (Thiraporn et al., 1983).
In this study, grain yield was lower while stover production of the local varieties
was higher, so that the biomass was slightly higher than that of HB-83. This was
contrary to the findings of both Feil et al. (1992a) and Bolaños (1992), who
reported that both grain yield and shoot biomass of the tropical hybrids were
higher.
In summary, the hybrid used in this study did not excel in biomass production
was concerned but showed a higher grain yield with a concomitant increase in
Harvest Index. In comparison, the increased biomass of the local varieties was
due mainly to the higher stover production, which caused a decrease in the HI.
Harvest Index, grain yield, stover production and shoot biomass all increased
significantly as the levels of fertilisation increased. Thus, it remains to be59
determined whether new hybrids can utilise inputs more efficiently under the
conditions of the Polochic watershed.
For none of the plant traits was an interaction between varieties and fertilisation
levels observed. It thus seems that local varieties and HB-83 responded similarly
to the increasing intensity of the treatments, though the F1 and F2 fertilisation
treatments tended to increase the grain yield of HB-83 to a greater extent than
that of the local varieties (see Figs. 9 and 10). This supports the findings of
Shumba (1990), who found that two experimental hybrids had higher yields than
the local variety, both in the low fertilisation and in the moderately low fertilisation
treatment. Similarly, Bolaños (1995) did not find a crossover of yield response
curves of Central American hybrids and OPVs, with the hybrids outyielding the
OPVs, even in low-yielding environments. In exact field trials with tropical
varieties, Feil et al. (1992b) found a significant crossover in the grain yield
response curve of only two of the hybrids to very high nitrogen fertilisation levels.
Byerlee (1994) reported a similar “yield crossover” between improved vs. local
varieties at low input levels under experimental field conditions but only when
post-harvest losses and quality were taken into consideration. In the same study,
he studied two other examples of the maize grain yield response to various
amounts of nitrogen fertiliser. In the first example, the improved varieties seemed
to perform better than the local varieties, even at zero N. At 150 kg ha
-1 N, the
yield increase of the improved compared to the local varieties even seemed to be
greater. In the second example, a hybrid was compared with a local variety. As in
the first example with the improved variety, the hybrid had a higher grain yield in
all fertiliser treatments including the zero N treatment. Moreover, the yield
increase of the local variety was less than 0.2 t ha
-1 b e t w e e nt h e5 0k gh a
-1 N
and the 100 kg ha
-1 N fertilisation treatments, while the hybrid increased its yield
by almost 0.5 t ha
-1 at the same levels of fertilisation.60
Pal & Panwar (1974) compared two hybrids with a local variety in five nitrogen
treatments in India. They found two responses: some hybrids and the local
variety responded similarly to fertilisation, while other hybrids had significantly
higher yields (+17%) than the local variety at zero fertilisation, but even more
(+52%) at 144 kg ha
-1 N. These studies and the results obtained in the Polochic
mainly refute the concern that the superior yield of hybrids would be expressed
only when input is high (Bolaños, 1995). Feil et al. (1992b) also advanced the
hypothesis that a genotype x nitrogen interaction is no longer found in modern
hybrids.
In the Polochic watershed, both local varieties and HB-83 responded well to the
recommended fertilisation, the yields increasing by 41 and 47% respectively, as
compared to F0. The higher fertilisation treatment F2 only caused yield increases
of 13 and 12% for the local varieties and the HB-83, respectively. This suggests
a Mitscherlich yield response curve to nitrogen and that there is less scope for
obtaining further increases in yield by applying greater amounts of fertiliser.
Atashfeshan (1995) mentioned that 150 kg N ha
-1 is the maximum amount that
can bring about an increase in maize grain yield. Furthermore, even at F0, the
hybrid had a higher (0.5 t ha
-1) grain yield. This suggests that even with no
fertilisation, it is better to use hybrids rather than local varieties. Of course,
criteria other than physical grain yield may play a role in the selection of a hybrid
by farmers, such as price and availability of seed or its culinary properties.
Medium and high levels of fertilisers increased stover production. In the Polochic
watershed, a higher stover production is hardly associated with economic
benefits as stover is not used as cattle fodder. Nevertheless, a higher stover
production may mean higher O.M. concentrations in the soil and, thus, an
improved soil structure.61
5.2.1.2. Yield components
Grain yield was explained for the most part by ear weight (partial R square =
0.87***) and, with a controlled plant density, by ear population (partial R square =
0.11***). A multiple linear regression resulted in the following equation: grain
yield = -3.00*** + 0.88***ear m
-2 + 0.04***ear weight, which proved the
considerable importance of plant fertility.
Barreto & Bolaños (1991) found similar relationships for maize in this region.
Higher yield of Central American hybrids compared to OPVs was also due to a
higher ear population and ear weight (Bolaños, 1995). Bolaños (1995) found that
the yield difference between hybrids and OPVs mainly depended on the ear
growth rate, while differences within the groups of hybrids and OPVs depended
on the grain filling duration. In a comparative study conducted by Krishnamurthy
et al. (1974), increasing barrenness and, thus, lesser ear population contributed
to a great extent to the lower yield of the OPV.
Ear weight depends on the number of grains per ear and on the 100 grain
weight. The yield components ear weight, number of grains per ear and 100
grain weight increased significantly in the more intensive treatments (see Table
6). While the ear weight of HB-83 was higher, the 100-grain weight of local
varieties was higher. The number of grains per ear, significantly higher for HB-83,
explains the higher ear weight of the hybrid.
The number of grains per ear depends on the number of rows per ear and the
number of kernels per row (see Figs. 15 and 16). In a study comparing planting
densities and diverse cultivars, Rudat (1979) reported that, while the number of
rows per ear was more genetically controlled, the number of kernels per row was
much more dependent on environmental conditions and, thus, had the greatest
influence on the number of kernels per cob. In this study, there was no significant
difference in the number of grains per row of the local varieties and of HB-83.62
The number of rows per ear, on the other hand, was about a 0.8 unit higher for
HB-83, about 25 additional grains per ear. Thus, it appears that, for these
varieties, the varying number of rows determined, for the most part, the total
number of grains per ear. Feil et al. (1992a) and Bolaños (1995) arrived at a
similar conclusion in their comparison of various tropical OPVs and hybrids in
Thailand and Central America respectively.
Looking at an environmental factor like fertilisation, there was a difference of
about 0.6 row between the lowest and highest treatment intensities and a
difference of about five grains per row. The additional 0.6 row means 19
additional grains per ear, and five more grains per row means 70 additional
grains per ear. Thus, the number of grains per row explained most of the total
number of grains per ear, an important component of an increased yield
potential.
Although the 100 grain weight was higher, the number of grains per ear in
particular, and, thus, the ear weight was much lower than in comparable studies
under very fertile conditions (Bolaños, 1992; see Figs. 13 and 14). This suggests
that the number of grains per ear might play a more important role than the 100
grain weight in increasing the grain yield under higher fertilisation, as confirmed
by Atashfeshan (1995) and Vig (1984), both of whom suggested that the 100
grain weight is genetically controlled to a greater extent than the number of
grains per ear, which is more affected by environmental factors.
The ear population increased under more intensive fertilisation. Even in on-farm
trials with an uncontrolled plant population, Bolaños et al. (1992) found a tighter
relationship between maize grain yield and plant fertility and ear population than
with plant population (see Figs. 11 and 12). This underlines the importance of
avoiding barrenness by the appropriate input of fertilisers and the use of superior
cultivars, as shown in these trials. Barrenness may be due to genetic limitations
and to stress during floral development (Bolaños et al., 1992).63
The plant population was similar in all treatments: that of HB-83 was higher
compared with that of the local varieties, although tests of the latter showed a
higher percentage of germination (95%) than that of the HB-83 (92%). The plant
population at thinning showed a general reduction of 25% compared to the
sowing density; such values seem to be normal under such conditions (Bolaños
et al., 1992). This suggests that the yield potential of local varieties are not
limited by a lower rate of germination and/or the vigour of the maize plants at an
early vegetative stage. Pests, diseases and/or wind, among other factors, may
still reduce the plant population of the local varieties from thinning to harvest (see
the higher lodging incidence of the local varieties with 14% compared to 2% for
HB-83; see next chapter), explaining the higher plant population of HB-83 at
harvest.
Small plant populations are often found in traditional farming systems in Central
American (Bolaños et al., 1992), although in own tests densities below 3.5 pl m
-2
were detrimental to yield. Under the conditions of this experiment in the Polochic,
higher densities of 5.0, 5.6, 6 and 6.7 pl m
-2 all tended to result in lower yields
than the recommended density of 4.4 pl m
-2. This was mainly due to a reduced
grain number per ear and, thus, lower ear weight (unpublished). This was
confirmed by Schlumbohm (1975), who found a similar reaction to supra-
optimum densities in a temperate climate. Even HB-83 lacks the potential for
higher yields at higher densities, which might partially explain why this hybrid did
not enhance grain yield more than 0.5 t ha
-1 at increased plant densities.
At present, most tropical maize cultivars have the optimum densities of around
5.0 pl m
-2 (Bolaños, 1995). Evans & Fischer (1999) reported an optimal plant
density at 3.0 pl m
-2 for temperate hybrids of the 1930s, with approximate yields
of 6 t ha
-1, while that for hybrids of the 1990s was about 6 pl m
-2 with yields
above 11 t ha
-1, similar to findings of Duvick & Cassman (1999). This suggests a
high potential for increasing the yields of tropical germplasm through breeding for
tolerance to increased plant density and, thus, the ability to make use of a larger
input of N.64
5.2.1.3. Other plant traits
Lodging (on average 8.3%) represented an important yield limiting factor in the
Polochic watershed, although it occurs commonly in this region (Bolaños, 1992).
Lodging varied considerably (see high C.V. in Table 7) and seemed to depend
slightly more on ear height (r = 0.53***) than on plant height (r = 0.47***). It
increased at higher levels of fertilisation, when both plant and ear heights were
higher and when ears were inserted higher up on the plant (see Table 7).
Lodging was significantly lower for HB-83, which might be due in part to shorter
plants, although in experiments in which hybrids were taller, they were still less
susceptible to lodging than the OPVs (Bolaños, 1995).
An improved new hybrid, that will replace HB-83, should not be taller and/or
should have a better plant stability, be it through more resistant roots, thicker
stalks or through a lower ear position on the plant, especially at higher levels of
fertilisation.
5.2.2. Grain yield response through seasons, domains and sites
5.2.2.1. Response through seasons
The El Niño Southern Oscillation (ENSO) is a change in the usual patterns of
circulation in the Pacific Ocean and in the atmosphere that occurs every two to
seven years for periods of 12 to 18 months. It basically affects Central America in
three ways: warming of surface waters, much lower rainfall along the Central
American Pacific seaboard from May to October and more abundant rain along
the Caribbean seaboard during May, June and July (CEPREDENAC, 1999).
In the Polochic watershed, the El Niño-related, over-abundant (compare with Fig.
6 and 8 in Material and Methods) rainfall during the primera 1997 might have
contributed to the reduction in grain yield during this cropping season compared
to yields during the postrera season 1996/1997 (see Fig. 17). Indeed, the plant65
and ear populations tended to be smaller, which was attributed to seed and shoot
damage through flooding (see Figs. 18 and 19). Furthermore, grain number and
ear weight were lower, which may indicate the effect of insects or viruses as well
as damage to the ear at flowering (see Figs. 20 and 21). While few studies of the
effects of overabundant rainfall at flowering have been conducted, the effects of
drought have been the subject of many investigations. In a study of tropical
OPVs and hybrids, Weerathaworn et al. (1992) found that, while the number of
rows per ear seemed to be determined mainly by genetic factors, the number of
kernels per row was reduced by simulated drought stress during ear
development. More precisely, Mozafar (1987) suggests that drought stress
before silking reduces the grain number per ear, while drought stress after silking
reduces grain weight. Thus, the ear damage in the Polochic must have occurred
before silking. In the Polochic, the incidence of ear rot was considerably higher
during this season, most probably because of the wet conditions, which also
contributed to the reduction in grain yield.
Overall, nonetheless, the grain yields were similar to those in the postrera
1996/1997 previous season. It is reminded here that during primera cropping
seasons, maize cropping is not possible on moist flatland because of flooding.
This domain, sown with rice, was affected to the greatest extent by the over-
abundant rainfall. Furthermore, the yields were usually higher on moist flatland,
so that higher yields on flatland were generally expected during the postrera
seasons when maize was also cultivated on moist flatland. In conclusion, the
1997 ENSO phenomenon did not seem to have affected grain yield considerably.
There was no major variation in patterns of air temperature in 1996 to 1998 in the
Polochic watershed (see Material and Methods). However, more precise, site-
specific measurements, especially of soil temperatures might have shown the
effects of temperature on maize. The responses of the biological processes of
the individual plant to temperature fluctuations are, however, not well known
because of interactions among processes and other environmental factors,66
including management practices on the farm, such as the choice of cultivar and
timing of field operations, which often depends on temperature (Murray Brown,
1976).
In general, the temperatures in the Polochic were quite high, probably too high
for maximum grain yields. As a rule, the longer the grain filling period the higher
the grain yields. Thus, the ideal growing season for maize would be high
temperatures during vegetative growth and lower temperatures during grain filling
(Murray Brown, 1976). This suggests that the higher temperatures in the
Polochic may limit the yield potential, inducing a shorter grain filling period. In
improved temperate germplasm, reduced rates of leaf senescence during grain
filling and an extended grain filling period have been associated with higher
yields (Edmeades and Tollenaar, 1988). Breeding for earliness and a smaller
number of leaves might help to identify hybrids with a higher yield potential for
subtropical regions (Bolaños, 1995)
The third cropping season, the postrera in 1997/1998, ended with the poorest
yields, significantly lower even than in the postrera 1996/1997 and the primera
1997. Figs. 6 and 8 (see Material and Methods) show that a dry spell occurred
from December 1997 to April 1998 due to the same ENSO phenomenon that
affected the previous cropping season, the primera 1997. During the postrera
1997/1998, maize sown between September and December was drought-
stressed during vegetative growth and flowering. Due most probably to this
stress, stover production was stimulated, while grain yield was reduced, resulting
in a lower HI. Lodging incidence was higher, too, which is associated with the
observed higher plant and ear height. This demonstrates the importance of
biomass distribution in the formation of grain yield under stressed conditions.
The last cropping season, the primera 1998, showed the best yield of the four
cropping seasons. The higher yields were due mainly to the higher grain number
per ear and, thus, to the higher ear weight. It was also associated with a lower67
stover production and, thus, a higher HI and better distribution of the biomass.
Moreover, both lodging incidence and ear rot were low. During the primera
cropping seasons, greater losses were reported in the Polochic due to an
increased incidence of ear rots. Indeed, this was also found in this study during
both primera compared with postrera seasons; only during primera 1997,
however, ear rot reduced grain yield to some extent. The distribution of
precipitation showed a rather typical pattern for the primera 1998 season,
compared with the average precipitation from 1990 to 1996 (see Fig. 4 in
Material and Methods).
As mentioned above, El Niño-related, less favourable climatic conditions tended
to reduce maize yield during both the primera 1997 and the postrera 1997/1998
cropping seasons. Furthermore, HB-83 already showed a tendency to respond
better than local varieties to inputs (see Results “Grain yield and stover
production”) and to better environments (see Results “Response through sites”).
This suggests that HB-83 might respond better than local varieties to favourable
climatic conditions.
During the last cropping season, HB-83 performed relatively better, while the
local varieties produced an intermediate yield, higher than during the postrera
1997/1998 but lower than during the two first cropping seasons. Still, HB-83, with
its highest yield performance over the four cropping seasons, was mainly
responsible for the overall better yields during the primera 1998. While the yield
differences varied, HB-83 yielded constantly better than the local varieties
through the four cropping seasons. This proves the higher yield consistency of
HB-83 over cropping seasons and years. HB-83 as a promising hybrid was
selected under many stresses (drought, low N, insects and diseases, etc.) and
across many environments in Guatemala and across Central America before its
release. It demonstrated wide stability and, thus, was used as a standard check
in many regional hybrid trials (Bolaños, 2000b) This property of the HB-83 is of
highest importance for farmers, because it ensures a high return for investment68
in HB-83 seed, even under unfavourable climatic conditions. Interactions of
varieties with cropping seasons were, however, not significant for the plant traits
ear per plant, stover production and shoot biomass. This suggests that these
traits of both HB-83 and local varieties had a similar, genetic response to climatic
conditions, while grain yield differences between the hybrid and local varieties
were more sensitive to climate.
During all four cropping seasons, fertilisation similarly affected grain yield and
most of the other plant traits. This suggests that the response of the maize
materials to the fertilisation treatment was more or less independent of climatic
conditions and generally determined by genetics.
5.2.2.2. Response through domains
Grain yield and biomass were higher on moist flatland than on dry flatland and
higher on moist and dry flatland than on hillsides (see Table A5 in appendix).
Such differences can probably be explained by the steep, shallow and stony soil
on the hillsides, while the soil on moist flatland is often flooded and, thus,
fertilised by the alluvion of the Polochic river. On dry flatland, some farmers grow
Mucuna spp. (a legume) between cropping seasons, and this may improve soil
fertility.
The grain yield of both local varieties and of HB-83 were superior to a similar
extent in moist or dry flatland compared with the hillsides (see Fig. 22). Thus,
HB-83 did not seem to be at an advantage compared to local varieties under
more marginal soil conditions.
The response to fertilisation was usually not significantly different from one
domain to the other. This suggests that higher levels of fertilisation have a
potential to increase yields on dry flatland and on hillsides. However, on moist
flatland the basic yield without fertilisers was already remarkably high. Therefore,69
the weak response to an overly abundant supply of fertiliser raises the question
as to genetic limitations of yield. As well as this biological comparison of the grain
yield of local varieties of maize and of the hybrid HB-83, an economic analysis
should be conducted at the beginning of each season, including an analysis of
prices of fertilisers and of maize grain, in order to determine the optimum amount
of fertilisers that should be applied in each domain.
During the primera 1997, overabundant rains might have reduced yields on dry
flatland to the level of yields on hillsides. El Niño-related rain might have affected
the distribution of biomass on dry flatland. Indeed, stover production was higher
on dry flatland than on hillsides, while grain yields were similar in both domains
(see Fig. 23). During the other cropping seasons, the values for most plant traits
were higher on moist flatland that on dry flatland and higher on dry flatland than
on hillsides.
5.2.2.3. Response through sites
5.2.2.3.1. Multi-site variability
HB-83 had higher yields even in environments with a lower yield potential. The
relative yield advantage of HB-83 over the local varieties was two to three times
higher at sites with lower yield potential than at sites with higher yield potential. In
absolute terms, however, the yield increase due to the use of HB-83 seemed to
be even higher in environments with a higher yield potential (see Figs. 24 and
26). This confirms findings of Shumba (1990), who demonstrated the yield
superiority of two hybrids over an open-pollinated variety both in low- and high-
yielding environments. The higher yields of hybrids compared to open-pollinated
varieties and the better response of hybrids in higher yielding environments were
demonstrated by Bolaños (1995) in an experiment comparing four hybrids and
five OPVs in 11 environments in Central America. Concern exists that breeding
under optimal conditions favors the selection of high input varieties and hybrids,
which would, however, perform poorly in stressed environments. Neither in this70
study, nor in the experiments of Shumba (1990) or Bolaños (1995) was such an
effect observed.
Neither the mean grain yield nor environmental mean yield was related to a
standard deviation or coefficient of variation (data not shown), while Bolaños et
al. (1992) found higher coefficients of variation and lower standard deviations in
environments with a lower yield potential. Thus, grain yields seemed to vary to
the same extent in environments with low and with high yield potential.
The fact that 25% of the experimental plots in the Polochic watershed allowed for
yields between 4 and 8 t ha
-1 at medium levels of fertilisation proves the high
yield potential of a part of the area. Indeed, the average yield of the watershed
without input of fertiliser is 2.38 t ha
-1. This is higher than the average yield in
Guatemala (1.77 t ha
-1) or Central America (2.36 t ha
-1) for fields where various
amounts of fertilisers were applied. Nonetheless, even at non-limiting levels of
fertilisation, the average yield of the watershed remains at 3.83 t ha
-1, well below
the average yield in Switzerland (8.5 t ha
-1) and the United States (8.4 t ha
-1;
FAO, 2000) under similar non-limiting levels of fertilisation. In the United States,
yields higher than 20 t ha
-1 have been reported (Duvick & Cassmann, 1999).
Meanwhile, in San Jerónimo, Guatemala, which has one of the highest yield
potentials in Central America, grain yields of up to 8.9 t ha
-1 were reported for
HB-83 (Castellanos & Larios, 1997). New and promising hybrids at the same site
yielded up to 9.7 t ha
-1; nevertheless, HB-83 is still one of the best hybrids used
in Central America. This suggests that new hybrids must be developed for
Central America, hybrids which would be well adapted to marginal sites with a
lower yield potential and which would produce high, superior yields also on sites
with a higher yield potential.
Nonetheless, 25% of the experimental plots only allowed for yields inferior to 2 t
ha
-1 at medium levels of fertilisation. This shows that some soil factors probably
severely limit yields at sites in the Polochic watershed. Especially on dry flatland71
yields varied greatly. They can count to the least or to the most fertile in the
watershed. While soil parameters were found to be better on moist flatland than
on dry flatland and hillsides (see chapter Soil parameters), the differences
between dry flatland and hillsides were not as significant. In a targeted study, the
impact of soil structure on grain yield should be determined. In a preliminary
study, Krebs (1999) showed that quantities of eroded soil strongly depended on
practices in maize cropping. Eroded soil on fields that were burned before sowing
was between two and four times higher than on fields where maize mulch was
left on the field. While in the short run burning tends to increase the maize grain
yield (Krebs, 1999), Bolaños (1997) reported higher yields in the long run as a
result of the mulch cover on soil. Further studies in the area are necessary to
estimate the yield losses due to stony, shallow and/or eroded soils.
The strong response of higher inputs on some hillsides and at sites with lower
yield potential suggests that many of these sites can become quite productive
through intensification (see Fig. 25). It also suggests that measures that control
erosion, such as soil conserving practices and structure improvements (such as
edification of stone barriers on stony sites) can significantly enhance the yield
potential of some of the hillsides. However, there is a great variation in the basic
yield at F0 and in the response to F1 and F2 that cannot be fully explained by the
parameters analysed in this study.
5.2.2.3.2. Biomass and soil parameters through varieties and treatments
Under low inputs, Cu may limit the grain yield of local varieties, which might
respond to an application of this nutrient. Overall, a high Ca to Mg ratio seemed
to increase the biomass of the local varieties and of HB-83, especially at the
highest levels of fertilisation (F2). This should be taken into account when
fertilising and/or liming with such nutrients. In particular, more Ca seemed to be
more advantageous than more Mg.72
While a higher silt proportion in texture, a higher pH and larger availabilities of Cu
and K seemed to increase grain yield, a higher Ca to Mg ratio, larger availabilities
of P and Fe and lower concentration of Al and OM seemed to increase stover
production. The biomass was influenced by a combination of these soil
parameters. At most, however, only 40% of grain yield, stover production and
biomass could be explained by the investigated soil parameters. Furthermore, no
general correlation was found between plant traits and soil parameters
throughout the 40 cm deep soil profile. Similarly, in a study with 34 sites in
Central America, Bolaños and Barreto (1990) found no direct linear relationship
between either edaphic or climatic conditions and plant traits. This suggests that
other factors, such as soil texture and climate, but also germplam and
management need be taken into consideration when trying to explain the
variation in plant traits.
It can also be deduced that liming by elevating pH and, thus, P, Ca and Mg
availabilities, as well as by directly adding these deficient minerals to the soil has
the potential to enhance yields in the Polochic watershed. In fact, experiments on
three sites on flatland in the Polochic watershed showed a good response on
acid soils when 2 t ha
-1 Ca and Mg lime were applied (data not shown). Sanchez
(1976) reported a “liming with P” effect, the P fixing aluminium and thus,
increasing the pH. As, however, Al was low in most Polochic soils, it was not
expected that a P application would be very helpful in raising the pH, as would
not be any measure trying to correct the pH through neutralisation of aluminium.
“A combination of soil management practices, liming in association with
corrective levels of P, and use of crop cultivars developed for these low pH
conditions” (Bahia Filho et al., 1997) would potentially lead to sustainable maize
production in the Polochic watershed.73
6. Effect of treatments on nutrients in the grain and stover and
cob nitrogen concentration
6.1. Introduction
Maize is chiefly regarded as a source of carbohydrates. Nonetheless, it also
produces proteins, which are part of human diet, either directly as a staple
product or indirectly through the consumption of maize-fed animal products (Feil,
1997). The concentrations of nitrogen in maize grain may vary according to
varieties. This variation could be exploited in maize breeding programmes that
aim at increasing these concentrations (Thiraporn et al., 1983; Feil, 1997).
Genetic increases in cereal grain yield are, however, for the most part paralleled
by decreases in grain protein concentration (Feil, 1997), though contradictory
reports exist (Feil et al., 1992).
Whereas high N concentrations in the grains are desirable, lower P and K
concentrations may prove to be preferable. In fact, P is mainly stored in the grain
as phytate, which is thought to be responsible for mineral deficiencies (Ca, Cu,
Zn) in animals and humans. Furthermore, humans and animals have low
requirements in K. Besides, growing high-yielding cultivars with high N but low P
and K concentrations could be especially profitable to farmers in the developing
world with a limited access to fertilisers (Feil et al, 1992). On the other hand,
when grain is used as seed, a high amount of mineral nutrients per kernel might
compensate for an undersized root system and/or a soil deficiency in these
nutrients (Thiraporn et al., 1992).
In the following, maize grain nutrient concentrations were studied as they varied
through sites, varieties and treatments within the experiments conducted in the
Polochic watershed in Guatemala. Stover and cob nitrogen concentrations were
also studied as they varied across sites and experimental treatments.74
6.2. Material and methods
Grain samples were collected at 26 sites for two cropping seasons: at 22 sites
during the postrera season 1997-98 and at four sites during the primera season
1998 (Table A1 in the appendix). For the most part, HB-83 samples in three
fertilisation treatments were collected: F0 (low inputs), F1 (recommended inputs)
and F2 (high inputs; see Material and Methods, chapter 3.3. for experimental
treatments and varieties). At some sites, samples of the local varieties were also
collected: samples of Guayape (Carabajal Coy, ICTA ps, San Juan), sample of
Nimlajal (Xucup Mateo), and samples of HB-83 of second generation (F2,
resown hybrid; Manguito, Pencala 1, Pencala 2, Quinix).
Furthermore, stover samples were collected at 13 sites in two cropping seasons
(ten sites during the postrera season 1997/98 and three sites during the primera
season 1998). Besides, cob samples were collected from the three sites in the
primera 1998 only (Table A1 in Appendix); samples of the three replicates at
each site were mixed together. Only HB-83 cob and stover samples were
collected from plots in the same fertilisation treatments (F0, F1, F2).
The samples were crushed to powder, dried and analysed in the ICTA soil
laboratory (see Material and Methods for analytical methods). Grain samples
were analysed for concentrations of nitrogen, phosphorus, calcium, potassium,
magnesium, copper, iron, zinc and manganese. Stover and cob samples were
analysed for nitrogen concentration only.
The GLM procedure of SAS® was used for the analysis of variance and the
SAS® Duncan test for mean separation.75
6.3. Results
6.3.1. Nitrogen concentration in grain, stover and cob
Grain nitrogen concentration varied significantly among sites (P<0.001), varieties
(P<0.05) and treatments (P<0.001), being 14% higher at F1 than at F0 and 9%
higher at F2 than at F1 (Fig. 24); it was 6% higher in local varieties than in HB-83
(Fig. 24). There was no interaction between the treatment and variety or site. The
coefficient of variation was relatively low (C.V.=9.4%).
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Fig 25. Effect of treatments on
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and stover of HB-83 in the Polochic
watershed in 1998
The stover nitrogen concentration of HB-83 from the selected sampling sites
varied considerably (P = 0.022; data not shown). Furthermore, the fertiliser
treatment affected the stover nitrogen concentration of this variety (P < 0.001),
being 25% higher in the F1 treament than in the F0 treatment (Fig. 25). It was,
however, not significantly higher at F2 than at F1. In comparison, the grain
nitrogen concentration of HB-83 rose significantly from F0 to F1 (13%) and from
F1 to F2 (8%). The cob nitrogen concentration did not vary through sites and was76
not affected significantly by treatment, though the nitrogen concentration at F0
tended to be lower than that at F1 and F2 (see Fig. 25).
6.3.2. Nitrogen harvest index and fertiliser efficiency
The amounts of harvested N in the grain and stover were calculated, based on
grain and stover dry matter yields and the respective nitrogen concentrations in
the F0 to F2 treatments (Table 8). The nitrogen harvest index (NHI) was also
calculated as the ratio of harvested N in the grain to harvested N in the whole
shoot, including harvested stover N. Furthermore, fertiliser N in the plant, which
is an estimate of N recovery, was calculated. A value for fertilisation efficiency
was further calculated for yield, biomass and quality. Yield fertiliser N efficiency
was calculated as the ratio of additional grain yield to the added fertiliser N.
Correspondingly, biomass fertiliser N efficiency was calculated as the ratio of
additional biomass, including grain yield and stover production, to the added
fertiliser N. Moreover, the quality fertiliser N efficiency was calculated as the ratio
of additional N in the grain to the added fertiliser N.
Table 8. Applied fertiliser nitrogen, grain and stover yields of HB-83 and nitrogen
concentrations, harvested nitrogen in grain, stover and biomass, nitrogen harvest
index, fertiliser N recovery, grain yield and biomass N use efficiency in three
fertilisation treatments in the Polochic watershed, 1998
fert
1 fert N
2 yieldg
3 yields
3 % N harvested N NHI
4 %N fert NUE
6
[kg ha
-1] recovery
5 grain biomass
[kg ha
-1] [t ha
-1] grain stover grain stover biomass [kg DM kg
-1 N]
F0 0 2.59 4.75 1.33 0.61 34 29 63 0.54
F1 89 3.81 6.22 1.50 0.76 57 47 104 0.55 46 43 113
F2 151 4.25 6.88 1.62 0.84 69 58 127 0.55 42 28 74
1fert: fertilisation treatment
2fert N: applied nitrogen in each fertilisation treatment
3yieldg, yields: grain yield and stover yield
4NHI: nitrogen harvest index
5N recovery: fertiliser nitrogen contained in plant
6fert NUE: fertiliser nitrogen use efficiency
The harvested nitrogen in biomass was 65% higher for F1 than for F0, but only
22% higher for F2 than for F1, with similar relative differences between grain and
stover. The NHI was not affected by the three treatments. N recovery was only
10% higher for F1 than for F2. Yield and biomass fertiliser NUE were much77
higher for F1 than for F2. This means that, in the F2 treatment, more grain yield
and biomass was produced for every additional kg fertiliser N than at F1.
6.3.3. Concentrations of other nutrients in the grain
The nutrient concentrations, determined from the chemical analyses of the grain
samples, were characterised and compared by statistical analysis (Table 9).
Table 9. Mean, r square (R
2), coefficient of variation (C. V.), F-tests for site (loc),
variety (var) and treatment (trat), interactions of fertilisation levels with site
(loc*trat) and with variety (var*trat) and Duncan mean grouping test for two
experimental varieties (Local varieties and HB-83) and three fertilisation levels
(F0, F1 and F2) for grain concentrations of calcium (Ca), copper (Cu), iron (Fe),
potassium (K), magnesium (Mg), manganese (Mn), phosphorus (P) and zinc
(Zn), Polochic watershed in 1998
N u t r i e n t s P K C aM g C uF eM nZ n
[%] ppm
Mean 0.52 0.49 0.047 0.15 3.52 68.9 11.8 35.4
R
2 0.77 0.89 0.92 0.84 0.86 0.92 0.90 0.84
C.V. 24.3 16.0 13.1 18.1 24.9 22.1 18.2 21.7
Pr > F loc ns *** *** ** ** *** *** **
var ns ns * ns ns ns ns ns
trat ns ns ns ns ns * * ns
loc*trat ns ns ns ns ns ns ns ns
var*trat ns ns ns ns ns ns ns ns
Local var 0.50a 0.50a 0.040b 0.15a 3.29a 78.7a 10.6b 38.7a
HB-83 0.53a 0.49a 0.049a 0.15a 3.60a 65.5b 12.2a 34.2b
Trat F0 0.52a 0.47a 0.046a 0.14a 3.64a 61.4b 10.7b 35.6a
F1 0.52a 0.49a 0.047a 0.14a 3.52a 69.5ab 11.8ab 36.4a
F2 0.52a 0.50a 0.047a 0.16a 3.53a 73.7a 12.7a 33.0a
Apart from phosphorus, all nutrient concentrations varied greatly through sites. A
varietal effect was observed for calcium concentration, where the grain
concentration of HB-83 was higher than that of the local varieties. Furthermore,
HB-83 tended to have a higher manganese concentration, while local varieties
tended to have higher iron and zinc concentrations. An effect of treatments was
observed for iron and manganese concentrations, which were higher in the F2
treatment. Treatments did not affect phosphorus and potassium. No treatment
interaction with site or variety was observed.78
6.4. Discussion
6.4.1. Nitrogen concentration in grain, stover and cob
Nitrogen concentrations (1.51% in average) were comparable to values obtained
in maize trials in other tropical regions as reported by Feil et al. (1990), where
nitrogen concentrations varied from 1.38 to 1.67%, by Thiraporn et al. (1992)
where the grain nitrogen concentration was between 1.30 to 2.10% or by Feil et
al. (1992), where the grain nitrogen concentration was between 1.60 and 2.20%.
The grain nitrogen concentration of local varieties was higher than that of HB-83.
This confirms the view that higher-yielding varieties, such as the hybrid HB-83 in
this study, have a lower grain protein concentration (Feil, 1997; Feil et al., 1990).
Here the distinction should be made between the individual grain protein
concentration and the protein production per hectare. In fact, HB-83, producing
on average 650 kg ha
-1 (18%) more grain yield produced at the same time an
additional 9.6 kg grain protein; thus, despite the higher grain protein
concentration of the local varieties, the grain protein production per hectare was
still 7.1 kg or 14% higher for HB-83 than for local varieties. Varietal differences in
nitrogen grain concentrations tended to be higher in the highest levels of
fertilisation (data not shown), which confirms the findings of Feil et al. (1992).
This suggests that breeding for varieties with higher protein concentrations is
feasible when an adequate fertiliser input is ensured.
Even moderately high levels of fertilisers considerably improved the nitrogen
concentration in grains, with a further increase with greater inputs. A similar
reaction of grain nitrogen concentration to levels of fertilisation was reported by
Feil et al. (1992), Thiraporn et al. (1992) and Alfoldi et al. (1994). This suggests
that fertilisation improved grain quality, as defined by the protein concentration. If
moderate amounts of fertiliser increased the nitrogen concentrations in stover
compared to zero fertilisation, higher levels had no detectable effect. This might
be due to a dilution effect (Atashfeshan, 1995): the N concentration rose slightly,79
while, at the same time, the stover production increased; thus, the concentration
of N was similar through fertilisation levels F1 and F2.
Nitrogen concentrations in the grains were correlated with the 100 grain weight (r
= 0.87*), which suggests a proportionally higher sink capacity of bigger grains
within the range of this study. Nitrogen grain concentration also correlated with
stover production (r = 0.88*) and biomass (r = 0.94**) but not significantly with
grain yield (r = 0.69
ns). This indicates that stover is an important source of
nitrogen for the grain. More precisely, Atashfeshan (1995) showed that more
nitrogen was translocated from the stalks into the grain under low N-fertilisation,
while under medium to high N-fertilisation, more nitrogen was translocated from
both the leaves and the husk into the grain. A lack of correlation between
nitrogen grain concentration and grain yield was also found by Feil et al. (1990).
In another study, Schwab (1981) mentioned that negative relationships were also
found for maize varieties bred exclusively for higher grain concentrations but with
no regard for grain yield. Such negative relationships may be related to extremely
low nitrogen availability or to cultivars with extremely high or low grain nitrogen
concentrations (Feil et al., 1990).
The nitrogen concentration of stover was positively correlated with ear weight
(r=0.99*), grain yield (r=0.99*) and Harvest Index (r=0.99*). These high
correlation coefficients were based on three pairs of values only and should thus
be considered with caution. They suggest that, in the fertiliser treatments, a high
stover nitrogen concentration indicates that adequate amounts of this nutrient are
available for grain production. There was no significant relationship between
nitrogen in the grain and nitrogen in the stover. Similarly, Thiraporn et al. (1983)
observed that a variety with a particularly high stover nitrogen concentration was
unable to transfer an adequate amount to the grains. This suggests that grain
nitrogen concentrations do not depend exclusively on the nitrogen in the stover.
This was confirmed by Schwab (1981), who found that, after flowering, both the
nitrogen translocation to the ear from other plant parts as well as the nitrogen80
absorption from the soil were completing the nitrogen already present in the
flowers. Generally speaking, favourable temperature and precipitation increase
grain protein concentration (Schwab, 1981).
6.4.2. Nitrogen harvest index and fertiliser efficiency
The Nitrogen Harvest Index (NHI) is considered to be a measure of how
efficiently the plant utilises acquired nitrogen for grain protein production. It does
not take into account the nitrogen in roots or nitrogen losses from the shoot
through leaching and volatilisation (Feil, 1997). The NHI of HB-83 was within the
range found in other studies, as Feil (1997) reported for tropical germplasm.
They remained quite constant over the three fertilisation levels. They did not
seem to decrease with increasing fertilising intensity as reported by Feil (1997).
This was probably due to the amount and timing of nitrogen fertilisation, the NHI
being strongly affected by environmental conditions (Feil, 1997). The NHI
depended more on grain nitrogen (r = 0.85*) than on stover nitrogen (no
significant correlation); stover nitrogen did not vary as much as grain nitrogen
over the experimental treatments. Furthermore, NHI was correlated with the main
yield components (r = 0.86*, 0.92**, 0.99*** and 0.98*** for ear population, plant
fertility, ear weight and grain number per ear respectively) and with grain yield (r
= 0.97**) itself. Thus, in this study, the efficiency of the plants in converting
acquired nitrogen into grain protein seemed to increase slightly with yield
potential.
From F1 to F2, both grain yields and nitrogen grain concentrations did not
increase to the same extent as from F0 to F1. Actually, the NUE was about 50%
higher at F1 than at F2. Furthermore, nitrogen recovery in biomass, including
grain yield and stover production, was higher at F1 than at F2. This clearly
indicates a typical response curve to fertiliser: an initially steep increase in
biomass, yield or grain quality with increasing fertilisation, followed by a weaker
response to fertilisation until biomass, grain yield or grain nitrogen concentration81
reached a maximum that no added amount of fertiliser can increase. Farmers will
have to decide on the amount of fertiliser to apply so that economic gains in
yield, stover production and/or grain quality are higher that fertiliser costs.
Nitrogen recovery was slightly lower than the average (50%) reported by Feil
(1997). The rest of the nitrogen may have disappeared from the soil through
nitrate leaching, ammonia volatilisation, denitrification, biological immobilisation
and fixation of ammonium in the interlayers of clay minerals (Feil, 1997).
6.4.3. Concentrations of other nutrients in the grain
The phosphorus grain concentration (0.52%) was comparable to values reported
in other studies (Thiraporn et al., 1992; Feil et al., 1992). Reports on the effect of
N fertilisation on grain P and K concentrations are contradictory (Alfoldi et al.,
1994). The same authors suggested that environmental effects on grain N, P and
K are relatively minor compared to the effect of genetic factors, and that only
large increments in grain yield might cause a reduction in the grain P and K
concentrations through dilution. The potassium grain concentration (about
0.49%) was comparable to values reported in other studies (Thiraporn et al.,
1992; Feil et al., 1992; Feil et al., 1990). The relatively high P and K grain
concentrations may indicate that these were not limiting yield. Most grain nutrient
concentrations varied significantly through sites, with the exception of
phosphorus. This indicates that soil contents differed very much for such
elements. Phosphorus is known to be only slightly mobile in the soil.
Only few varietal differences were found with respect to calcium, manganese,
iron and zinc. Thus, with respect to absorption and concentration of most
elements, there were few differences between local varieties and hybrid. If there
were differences in quality, they were not due to differences in mineral
concentrations.
Treatments affected only the concentrations of a few minor nutrients like iron,
manganese and copper. Although the fertilisation treatments included nitrogen,82
phosphorus and potassium, the transfer of these elements from the root and
shoot to the grain did not affect the P and K concentrations. This is similar to the
findings of Thiraporn et al. (1992), who found that different amounts of N fertiliser
neither increased nor decreased grain P or K concentration. Nevertheless, the
absolute nutrient contents in the ears were increased by increasing amounts of
fertilisers.83
7. Prediction of maize grain yield using
the chlorophyll meter technique
7.1. Introduction
Nitrogen deficiencies often lead to substantial maize grain yield reductions. In
Central America and Mexico, low levels of fertilisers are applied (Edmeades &
Tollenaar, 1988; Chávez & López, 1999). Higher levels of fertilisers, associated
with improved germplasm and better management, would enhance yields, as
shown by a study in Guatemala, where higher inputs resulted in a fourfold
increase in yield (Schmoock & Castillo, 1988). Furthermore, the fertiliser N
efficiency is sometimes unaccountably reduced, especially by climatic factors.
Improving the efficiency of N fertiliser use reduces the risk of contaminating the
water resources and lowers the cost of fertilisation. In order to ensure sufficient
fertilisation and at the same time to avoid an excess during the growing season,
farmers need a reliable measure of the N status of their crop. This would enable
them to decide whether or not to apply late-season nitrogen fertilisers (Peterson
et al., 1993). Several techniques have been employed to estimate N crop
requirements, including analysis of soil and tissue samples, comparative test
strips with different N rates established in the field, counting green leaves under
ear leaf and chlorophyll meter readings (Piekielek et al., 1995b).
The use of the Minolta chlorophyll meter (model SPAD 502, see Fig. 26) is
purported as a potential way to estimate the nitrogen status of growing crops
(Feil et al., 1997; Heckman et al., 1995; Larios et al., 1995; Peterson et al., 1993;
Piekielek et al., 1993; Varvel et al., 1993, among others). In fact, “the Minolta
chlorophyll meter (model SPAD 502) enables users to quickly and easily
measure leaf greenness which is affected by leaf chlorophyll content” (Peterson
et al., 1993). Leaf N is found mainly in proteins and chlorophyll molecules
(Tisdale et al., 1985); thus, a close link between leaf chlorophyll content and leaf84
N content (Peterson et al., 1993) as well as stalk N content was reported
(Piekielek et al., 1995b).
The main advantage of the chlorophyll meter is to provide a non-destructive
measure of the crop N status (Heckman, 1995). Furthermore, Masterson et al.
(1991) report a positive correlation between differences in chlorophyll meter
readings and grain yield increase. Thus, the chlorophyll meter can be used as a
tool to predict yield limitations of management practices at an early stage of plant
growth.
In comparison, soil sampling to determinate the N content in the maize rooting
area often produces highly variable results, which are not clearly related to N
availability to the crop (Feil et al., 1997). While a relationship undoubtedly exists
between the soil nutrient status and crop growth, the relationship is often
obscured by a number of other growth factors, such as soil type and weather
(Westerman, 1990). Piekielek & Fox (1992) found that the chlorophyll meter
readings on plants at the six-leaf stage are at least as accurate as any of three
different soil N tests in identifying adequately N fertilised sites. While the
applicability of tissue analyses in the management of N fertiliser was considered
by Feil et al. (1997) to be inferior to soil nitrate tests, Gordón et al. (1993) and
Larios et al. (1995) found a good relationship between N leaf concentration and
maize grain yield (see below); Schepers et al. (1991) reported positive
correlations between leaf N concentration and maize grain yield as well as
between chlorophyll meter readings and yield.
With so many factors affecting the readings, however, it is not possible to say
that a given meter reading indicates sufficient N in all cases. For this specific
purpose, the readings should be calibrated first for each field, soil, variety,
environment and stage of growth. The meter is best calibrated with adequately
fertilised reference strips in each field, as compared with 0 N control plots
(Piekielek et al., 1995a).85
During the postrera season 1996/1997, the chlorophyll meter technique was
used in eight experiments in the Polochic watershed, Guatemala. The objectives
of this study were to calibrate the technique within the area of study, to compare
experimental factors using the chlorophyll meter and to relate SPAD readings to
maize grain yield.
7.2. Material and methods
7.2.1. Sites and material
In eight experiments (see Table A1 in Appendix) in the Polochic watershed in
Guatemala, leaf greenness at flowering was assessed by means of a Minolta
SPAD-502 chlorophyll meter (see Fig. 26). Experimental treatments, plot size
and management were as described in Material and Methods.
Fig. 26 Measuring a maize leaf using a Minolta SPAD-502 chlorophyll meter
On each plot, 30 SPAD readings were taken from the middle section of the ear
leaves, at equal distance from the leaf edge and the leaf midrib. From these 30
leaf readings, an average mean SPAD value was calculated, referred to86
hereafter as “SPAD 30”. The plots were then harvested at maturity and the
respective yields correlated with average SPAD readings.
7.2.2. Statistical analysis
The precision of the SPAD 30 (mean value from 30 leaf readings) was assessed,
assuming that each single-leaf SPAD reading could be considered to be a
random sample from each plot. Other samples estimates for SPAD readings
were computed by averaging the values for 25, 20, 15, 10 and 5 leaves (SPAD
25, 20, 15, 10 and 5 respectively). The six samples estimates (SPAD 5 to 30)
were then regressed against their variance across two varieties and eight
experimental sites; the analysis of variance with 4 to 29 degrees of freedom and
corresponding significance levels, were then computed and compared.
7.3. Results
7.3.1. SPAD readings for varieties and treatments
SPAD readings varied significantly through experimental sites. HB-83 showed
slightly but significantly higher SPAD values than the local varieties (Fig. 27). As
for the three fertiliser treatments, the SPAD values at F2 were slightly but
significantly higher than at F1, while at F0 they were considerably lower than at
both F1 and F2.87
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Fig. 27 Chlorophyll meter SPAD readings at flowering for three treatments and
two varieties in eight experiments, Polochic watershed, postrera season 1996-
1997
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Fig. 28 Relationships for local varieties (Local var) and HB-83 between
chlorophyll meter SPAD readings at flowering and treatments in eight
experiments, Polochic watershed, postrera season 1996-199788
Higher fertilisation levels coincided with higher SPAD readings, both for local
varieties as well as for HB-83 (Fig. 28). For HB-83 and local varieties, the mean
SPAD readings were much higher at F1 than at F0. They were, however, only
slightly higher at F2 than at F1. By F0, SPAD values of 40 (local varieties) to 42
(HB-83) were obtained averaged through the experiments. There was a
significant interaction between varieties and SPAD readings (P < 0.001). While
the readings were 5.5% higher for HB-83 at F0, they were only 1.5% higher at F1
and even 1.5% lower at F2 compared to the local varieties.
The significant interaction of site with varieties was due to the fact that at most
sites, the SPAD readings of varieties differed by less than 5% (data not shown).
Only at two sites, Xucup Vaidez (5.2%) and Salac Chub (10.0%), were the SPAD
readings for HB-83 very superior.
While a significant interaction of site with treatment was observed, the general
tendency did not change: there was a “jump” from SPAD readings from F0 to F1
followed by a variable, but less positive increase from readings from F1 to F2
(data not shown).
7.3.2. SPAD readings and maize grain yield
A quadratic relationship was identified between SPAD readings and HB-83 yield
(Fig. 29) and a linear relationship with local varieties. Both relationships had a
low r square, which was due to the wide variation of both SPAD readings and
related yields through sites. Yields of HB-83 were generally higher (Fig. 9,
Chapter 5), as were the SPAD readings.89
SPAD readings
40 45 50
m
a
i
z
e
g
r
a
i
n
y
i
e
l
d
[
t
h
a
-
1
]
1
2
3
4
5
6
7
Local var
HB-83
YHB-83 = -46.42 + 2.02x - 0.02x2
r2 =0 . 2 8
YLocal var = -1.46 + 0.10x
r2 =0 . 2 6
Fig. 29 Relationships between chlorophyll meter SPAD readings at flowering and
maize grain yield of HB-83 and local varieties at three fertilisation levels in eight
experiments, Polochic watershed, postrera season 1996-1997
7.3.3. Sample precision
An attempt was also made to determine the minimum number of readings
necessary to characterise a plot with the required precision. The relationship
between number and variance of SPAD readings per plot, from SPAD 5 to SPAD
30 at 5-unit intervals is shown in Fig. 30.90
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Fig. 30 Relationship of number and variance of SPAD readings at flowering:
mean SPAD readings and significance test for 5, 10, 15, 20, 25 and 30 leaf
samples across two varieties (var) and eight locations (loc)
ns, * and **: corresponding effect not significant or significant at P<0.05 and
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Figure 30 shows that, only for SPAD 30, was the variance sufficient to reveal a
significant effect of the varieties on the SPAD readings, SPAD 5 to SPAD 25
being associated with lesser variance and, thus, with lesser, insignificant F-
values. On the contrary, for the factor experimental sites, even SPAD 5 was
sufficient to identify a significant variance in the SPAD readings through the sites.
The mean SPAD readings per plot were remarkably constant from SPAD 5 to
SPAD 30.91
7.4. Discussion
7.4.1. SPAD readings for varieties and treatments
The smaller differences in SPAD readings of varieties suggest that the
fertilisation effects on leaf greenness and N content were much stronger than the
varietal effects (see Fig. 27). As about 0.5 t ha
-1 separated the yield of HB-83
from that of the local varieties at all three fertilisation levels (see also chapter
Technological gap), it seems that, overall, the technique was already sensitive
enough to detect differences of this magnitude.
Nonetheless, the differences in SPAD readings between varieties were bigger at
low fertiliser input (see Fig. 28). At higher fertilisation levels, the readings were
apparently too close to reveal differences in the N status. This may be due to the
fact that the SPAD readings seem to reach a plateau at high leaf N
concentrations (Feil et al., 1997). Piekielek et al. (1995b) found a similar plateau
between 56 and 65 SPAD units. In the Polochic study, the experimental
fertilisation levels were not high enough to reach this plateau. Nevertheless, the
variation in SPAD readings from F0 to F2 suggests that, at even higher
fertilisation levels, SPAD readings might reach a plateau. This plateau was
estimated at SPAD values between 50 and 55. This suggests that the meter
should be more useful in separating N deficient from N sufficient plots, as proven
effective by Piekielek et al. (1995b). The minimal and maximal SPAD values
were lower in this study than in the study of Piekielek et al. (1995b); this might be
due to the higher yielding hybrids grown in the study of Piekielek.
7.4.2. SPAD readings and maize grain yield
In this study, a loose quadratic relationship was found between the maize grain
yield of HB-83 and SPAD readings and a similarly loose but linear relationship
between the yield of local varieties and SPAD readings (see Fig. 29). Larios et al.92
(1995) reported that chlorophyll meter readings (CHL) were highly and linearly
correlated with leaf N concentration (%N), as measured in the laboratory (%N =
0.048 x CHL (r
2=0.99). Furthermore, both chlorophyll meter readings (yield = -
5.64 + 0.22 x CHL (r
2=0.66) and %N (yield [t ha
-1] = -5.10 + 4.18 x %N (r
2=0.90)
were linearly correlated with maize grain yields. If SPAD readings are linearly
correlated with leaf nitrogen concentration, and leaf nitrogen concentration with
yield, as Larios et al. (1995) proposed, we would expect a linear relationship
between SPAD readings and yield. In this study, this seemed to be the case only
for local varieties. Since the yields were lower (3.1 t ha
-1 as compared to 3.7 t ha
-
1 for HB-83), this linear relationship for the local varieties can be compared to the
relationship found for HB-83 for lower yielding environments and/or lower
fertilisation levels, which was almost linear, too. This suggests that, in lower
yielding environments and/or at lower fertilisation levels, yields can be linearly
correlated to SPAD readings.
In higher yielding environments and/or at higher fertilisation levels, higher yields
did not always correspond with higher SPAD readings. In a study by Gordón et
al. (1993), in contrast to the study by Larios et al. (1995), the relationship
between leaf %N and yield was quadratic and positive (yield = -2.7 + 4.5 %N -
0.75 %N
2 (r
2=0.90). Higher contents of nitrogen in the leaf did not correspond to
higher yields. If we claim that the leaf nitrogen content and SPAD readings are
linearly correlated, the relationship between SPAD readings and yields should
not be linear in higher yielding environments and/or at higher fertilisation levels.
In the Polochic, higher SPAD readings and, thus, higher leaf nitrogen contents
were not necessarily associated with high yields.
Garibay (1996) found significant differences of SPAD readings in plots under
various levels of N from the six to nine-leaf stage onwards; the readings were
also good predictors of the maize silage yield and N yield. Piekielek et al. (1995b)
reported that differences in N treatments, revealed by chlorophyll meter readings,
became more pronounced during the dent (or R5) stage; moreover, meter
readings at the early dent stage were an accurate indicator for separating N-93
deficient from N-sufficient treatments, with a critical value of 52.0 meter unit; the
economically critical value was estimated to be 54.0.
These results confirm the importance of N in determining grain yield; they also
demonstrate the close relationship between N content of the ear leaf at flowering
and the final maize yield at a suboptimum nitrogen supply levels. All these facts
confirm that the chlorophyll meter can be used to estimate N status of maize
crops at early growth stages and to predict final grain yield.
7.4.3. Sample precision
Chapman & Barreto (1997) found that 5 to 10 readings of the ear leaf per plot
was sufficiently precise. In this case, only 30 readings per plot guaranteed that all
of the effects would be identified (see Fig. 30). Since the SPAD technique is easy
and quick, 30 readings are recommended. Five readings might identify one or the
other effect, but the probability is high that a significant effect will be missed. The
determination of the average SPAD reading per plot required only a few
observations; this value, however, should be interpreted with caution. In a
fertilisation experiment in the same area (data not shown), two identical
treatments (0-40-0 N-P-K kg ha
-1) at the same site gave widely different average
SPAD readings (42.8 to 47.3 SPAD units), compared with an average SPAD
value of 41.5 for the unfertilised control plot; at high N fertilisation levels, SPAD
readings of 54 to 56 were obtained. Several factors can explain this variation;
micronutrient deficiencies as well as pests, diseases, drought and even variety
might reduce the leaf chlorophyll content and, thus, its greenness (Heckman,
1995); furthermore, readings on plants with atypical plant space are biased and
should be avoided (Blackmer, 1991). Even the localisation of the reading on the
leaf influences the SPAD value: as Chapman & Barreto (1997) report, readings
at 40 to 80% of the distance from the leaf base allowed for the best precision. As
the readings are also affected by leaf thickness, Peng et al. (1993) adjusted the94
readings on rice, dividing them by the specific leaf weight (SLW = dry leaf weight
/ leaf area), which is related to leaf thickness; the adjusted readings were better
correlated with leaf N concentration. In a similar study with maize, Chapman &
Barreto (1997) also found an improved linear relationship between SLW
corrected meter readings (r
2=0.97 against r
2=0.81 by uncorrected meter
readings) and leaf N. Still, when the readings are made with the due precaution,
the chlorophyll meter proves useful, as was shown above.95
8. General discussion and recommendations
In the Polochic watershed, the soil structure is a limiting factor, on hillsides
because of shallow and stony soils and on moist flatland because of the height of
underground water (4.2.2.). Furthermore, the soil structure is affected on all
domains by burning practices (4.2.1.) and on hillsides in particular by hydric
erosion (5.2.2.3.1.). Replacing the practice of slash and burn by mulch cropping
and adopting soil conserving practices should enhance the yield potential of
crops in the watershed. Another way to improve the soil structure may be legume
relay or intercropping. Although the legume Mucuna spp. is already used in the
watershed, the growing population that is encroaching on cropping land has
resulted in a decrease of intercropping. Mucuna residues would solve some of
the problems related to the availability of nutrients, especially of N, and also help
recycling P (Durón, 1998). However, deficiencies in P, K, Ca and the CEC have
to be alleviated in the Polochic watershed before high yields can be ensured on
the long term (4.2.1.). Liming could bring about a short-term increase in the yield
potential, especially on Ca-poor and acidic fields (5.2.2.3.2.).
When 150 kg N ha
-1, supplemented with P and K were applied, the yield of maize
grain seemed to be close to a maximum at a comparably low yield level
(5.1.1.1.). More intensive fertilisation cannot be recommended before genetic,
biotic and abiotic yield constraints have been identified and alleviated. Optimal
amounts of N fertiliser depend on site-specific pedological and climatic conditions
and on socio-economical factors such as access to or credit for fertilisers. For
this reason, the use of fertilisers finally depends on the prices of maize grain and
fertilisers.
The average gain in grain yield through the use of an advanced modern hybrid
like HB-83, instead of local varieties, was 22% (5.1.1.1.). With moderate,
recommended levels of fertilisers, the grain yield was 44% higher than with no96
fertiliser, which shows that a lack of available nutrients does indeed limit the yield
in the Polochic watershed. Although there is an increasing use of fertilisers in
tropical countries, it is still low (2.2.2.). Indeed, the potential yield increase (i.e.
the technological gap) between the actual, on-farm yield and the potential farm
yield has been estimated to be 50 to 300% (2.3.). Adequate fertilisation could
greatly reduce the technological gap in the watershed. Improved germplasm
would also improve the yield potential. Replacing OPVs by hybrids, preferably
with single cross hybrids, should increase the yield potential in the Polochic
watershed (2.2.3 and 5.2.1.1.). The HI was 35% lower than that of the European
hybrids, even in an advanced variety like HB-83. The use of stover as cattle
forrage is limited in the watershed, and the HI is negatively correlated to stover
production. Thus, there is still much scope in breeding for varieties with a higher
HI (5.2.1.1.).
Ear weight and ear yield were the determining components of grain yield in this
study, as the plant density was partly controlled (5.2.1.2.). The yield superiority of
HB-83 over the local varieties was mainly due to a higher number of grains per
ear and, with the largely controlled plant population, to higher plant fertility i.e.,
reduced barrenness. Similarly, fertilisation mainly increased grains number per
ear and plant fertility. The germination rate and vigour of local varieties seemed
to be slightly better for the local varieties than for HB-83. The plant population of
all varieties generally decreased by 25% from sowing to 25 DAP when thinning
was done, which indicates that yield consistency might be lower on farmers’
fields. From thinning to harvest, lodging affected the higher and less stable local
varieties in particular, thus reducing their population compared with HB-83
(5.2.1.3.). The yield of HB-83 did not increase when the sowing densities were
higher than the recommended 4.4 pl m
-2. In temperate areas, sowing densities
up to 9.0 pl m
-2 are associated with yields of 10 to 12 t ha
-1. For this reason, to
increase yield, varieties that are tolerant to higher densities and adapted to the
conditions of the Polochic watershed might be necessary (5.2.1.2.), an aim which
may be reached through breeding for increased fertility and decreased HI.97
The El Niño Southern Oscillation (ENSO) phenomenon slightly affected grain
yields in the primera 1997 cropping seasons as a result of overabundant rains
and severely affected grain yields in the postrera cropping season 1997/98 as a
result of a drought stress during early vegetative growth (5.2.2.1.). Favourable
rain conditions during the primera 1998 cropping season resulted in the highest
grain yields of HB-83 during this season, mainly due to a very high plant fertility
and ear weight, while local varieties were unable to react in a similar way. Thus,
over all the cropping seasons, HB-83 showed a better yield consistency, yielding
overproportionally well under favourable conditions and doing well even under
the drought stress in the postrera 1997/98 cropping season. This is of high
importance for farmers with a reduced access to credits and whose aim it is to
reduce the risk associated with expensive inputs linked with new technologies,
including new varieties. The high mean temperature tends to reduce the duration
of the grain filling period, which affects the potential yield of the varieties used in
the watershed (5.2.2.1.). Breeding for earliness and smaller number of leaves
might help to identify varieties with a higher yield potential in subtropical regions.
As expected, the grain yield of both HB-83 and local varieties was higher on dry
flatland than on marginal hillsides and higher on moist than on dry flatland
(5.2.2.2.). However, there was no comparative advantage to sowing local
varieties on any of these three domains, as HB-83 yielded about 0.5 t ha
-1 more
than the local varieties on all three domains. HI grew from hillsides to dry flatland
and from dry to moist flatland. The grain yield response to fertilisers was similar
on all three domains in a relative way but the absolute yield increase was higher
in at least moderately fertile soil, while on moist flatland, a comparably high yield
level was already achieved without fertilisation.
At one fourth of the experimental sites in the watershed, the yields were between
4 and 8 t ha
-1, which is high for Central America and shows a good potential for
some parts of the area (5.2.2.3.1.). At one fourth of the sites, the yields were98
lower than 2 t ha
-1, revealing severe limitations, probably due to erosion, poor soil
structure and soil acidity. HB-83 seemed to yield overproportionally better than
the local varieties at high-yielding sites, but it also seemed to be better adapted
to low yielding environments. On both hillsides and moist flatland, HB-83 seemed
to respond better to fertilisers than the local varieties, while on dry flatland, the
yield superiority of HB-83 was more obvious under no fertilisation. Thus,
investing in seeds would represent a small risk only for the majority of farmers if
a minimum input of fertilisers can be ensured.
Whereas high N and protein concentrations in grains are desirable, lower P
concentrations may prove preferable because of the low quality of phytate-bound
P (6.1.). While the protein concentration of grains was higher for local varieties,
the yield and total protein production per unit area was higher for HB-83 (6.4.1.).
Grain N contents were positively correlated with stover production. This indicates
the important role of stover as a source of N for the grain, which might become
limiting if the goal of a higher HI is achieved, as mentioned above, i.e., a high
grain production in relation to vegetative growth. However, the grain N content
was not directly linked to stover N content, which suggests that the grain N
content can also be influenced by the soil N supply during grain filling. The
Nitrogen Harvest Index (NHI) did not vary with fertilisation (6.4.2.). The Nitrogen
Use Efficiency (NUE) was higher at 89-13-24 kg N-P-K ha
-1 (F1) than at 151-37-
76 kg N-P-K ha
-1 (F2), which suggests a loss of fertiliser N in the F2 treatment
which is both uneconomical and not ecological (6.4.2.). This treatment was
included anyhow as a check treatment to reveal potential nutrient deficiencies.
When resources are low, it is extremely important for the farmer to minimise the
financial risks of investing in fertilisers. The chlorophyll meter technique, a non-
destructive method, could replace the analysis of soil and tissue samples, which
are both time-consuming, expensive and do not always correlate satisfactorily
with yield (7.1.). Nitrogen-deficient fields may be identified by the chlorophyll
meter (7.1. and 7.4.1.), provided enough (about 30) readings are taken (7.4.3.).99
Thus farmers would be better able to decide whether to apply late fertilisation.
Nonetheless, the meter must be calibrated for varieties (7.1.), and, thus, it might
be more useful with HB-83, because this hybrid is used over wide areas in the
watershed.
Considering the above discussion, the following recommendations can be made
to enhance the yield potential in the Polochic watershed:
• If supply and financial credit permit, then HB-83 should be chosen over local
varieties. It ensured higher and more consistent yields at most sites and on all
domains of recommendation in all seasons.
• Nonetheless, breeding must be continued to increase the maize grain yield
per unit area. In particular, breeding programmes should focus on:
a) breeding for a higher HI (through unchanged or higher total shoot biomass
and reduced stover) by improving adapted, available materials or
introducing Corn Belt (U.S.A.) and European germplasm which profit to
greater extent from higher inputs
b) breeding for improved hybrids with a longer grain-filling duration, perhaps
through earlier varieties, with reduced leaf senescence
c) breeding for varieties tolerant to higher planting densities
d) breeding for acid-tolerant varieties adapted to poor soil conditions like
those in the watershed
• It is also necessary to improve management towards limiting barrenness. It
would be highly desirable to adopt soil conserving practices, which prevent
erosion, especially on hillsides. Thus, the soil structure could be improved
and protected, among others by avoiding burning and increasing mulch
cropping. This depends very much on socioeconomic conditions that are
finally linked to an enlightened agricultural policy in these countries.100
• Depending on economic factors, N fertiliser should be applied at rates of 100
to 200 kg ha
-1 in combination with sufficient amounts of P and K as well as Cu
and Ca fertilisers. Mg fertilisers should be avoided, but Ca-liming is
particularly important, because it enhances the availabilities of other nutrients
through a higher pH.
• The use of a chlorophyll meter might be used to identify and address on-farm
N deficiencies. On each field, 30 readings per plot are needed to ensure that
all the significant effects are identified. The meter must be calibrated for
varieties in order to predict yield.101
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Appendix
Table A1. Site number and name, local varieties, domain of recommendation, sowing
and harvest dates and cropping season in 74 experiments conducted in the Polochic
watershed, Guatemala, from 1996 to 1998
Num Site Local variety Domain Sowing Harvest Cropping season
1 Boca nueva
1 HB-83 hillsides 17-10-96 3-4-97 postrera 1996/97
2 Campur
chl Nimlajal hillsides 17-9-96 30-1-97 postrera 1996/97
3 Campur alto Olotillo
g,s hillsides 24-9-97 30-1-98 postrera 1997/98
4 Campur cadena Negro
g hillsides 23-10-97 19-2-98 postrera 1997/98
5 Carabajal Cuyuta hillsides 28-10-96 3-4-97 postrera 1996/97
6 Carabajal Choc Nimlajal hillsides 20-6-97 18-10-97 primera 1997
7 Carabajal Choc Cuyuta
g hillsides 18-10-97 10-2-98 postrera 1997/98
8 Carabajal Coy Guayape hillsides 18-6-97 17-10-97 primera 1997
9 Carabajal Coy Guayape
g,s hillsides 18-10-97 10-2-98 postrera 1997/98
10 ICTA lad Guayape hillsides 20-6-97 16-10-97 primera 1997
11 ICTA lad ICTA-B1
g,s hillsides 22-6-98 15-10-98 primera 1998
12 Pamoxan Cuyuta hillsides 20-6-97 17-10-97 primera 1997
13 Pamoxan Nimlajal
g,s hillsides 24-9-97 28-1-98 postrera 1997/98
14 Pamoxan HB-83 2nda.
g,s hillsides 12-6-98 7-10-98 primera 1998
15 Quinix HB-83 2nda.
g hillsides 24-10-97 21-2-98 postrera 1997/98
16 Sacsuja lad
chl Cuyuta hillsides 18-9-96 30-1-97 postrera 1996/97
17 Salac Chup
chl HB-83 2nda. hillsides 18-9-96 31-1-97 postrera 1996/97
18 Salac Kol
chl Cuyuta hillsides 18-9-96 5-2-97 postrera 1996/97
19 Salac mont Negro
g hillsides 30-10-97 19-2-98 postrera 1997/98
20 San Juan Guayape
g,s hillsides 5-11-97 13-3-98 postrera 1997/98
21 San Luis b.n.
1 HB-83 hillsides 26-6-97 23-10-97 primera 1997
22 San Luis Kok HB-83 2nda. hillsides 26-6-97 23-10-97 primera 1997
23 San Pablo
chl Cuyuta hillsides 2-10-96 5-2-97 postrera 1996/97
24 Sepur lad Nimlajal hillsides 24-10-96 7-3-97 postrera 1996/97
25 Sepur lte. Lad Guayape hillsides 19-6-97 16-10-97 primera 1997
26 Xalija Cuyuta hillsides 11-10-96 18-2-97 postrera 1996/97
27 Xucup CV
chl Nimlajal hillsides 17-9-96 29-1-97 postrera 1996/97
28 Xucup Mateo
chl Nimlajal hillsides 17-9-96 29-1-97 postrera 1996/97
29 Xucup Mateo Nimlajal
g,s hillsides 24-9-97 28-1-98 postrera 1997/98
30 Agua caliente
1 HB-83 dry flatland 9-10-96 15-2-97 postrera 1996/97
31 Baleu
1 HB-83 dry flatland 22-10-96 13-3-97 postrera 1996/97
32 Baleu fert
1 HB-83
g dry flatland 4-12-97 7-5-98 postrera 1997/98
33 Baleu finca
1 HB-83
g,s dry flatland 7-11-97 21-3-98 postrera 1997/98
34 Baleu muc
1 HB-83 dry flatland 30-10-96 11-4-97 postrera 1996/97
35 Cahaboncito HB-83 2nda. dry flatland 24-10-96 7-3-97 postrera 1996/97
36 Campur bajo Tusa morada
g dry flatland 10-10-97 19-2-98 postrera 1997/98
37 Canlun Cuyuta dry flatland 3-10-96 6-2-97 postrera 1996/97
38 ICTA ps
1 HB-83 dry flatland 13-11-96 4-4-97 postrera 1996/97
39 ICTA ps Guayape dry flatland 18-6-97 8-10-97 primera 1997
40 ICTA ps Guayape
g,s dry flatland 17-11-97 2-4-98 postrera 1997/98
41 ICTA ps
1 HB-83
g,c dry flatland 29-6-98 19-10-98 primera 1998
42 La Calera (6)
chl HB-83 2nda. dry flatland 3-10-97 15-2-97 postrera 1996/97
43 La Colonia Olotillo
g dry flatland 12-11-97 21-3-98 postrera 1997/98
44 Manguito HB-83 2nda.
g dry flatland 12-11-97 20-3-98 postrera 1997/98
45 Miralvalle
1 HB-83 dry flatland 29-10-96 29-4-97 postrera 1996/97
46 Pencala 1 HB-83 2nda.
g,s dry flatland 9-11-97 20-3-98 postrera 1997/98
47 Pencala 2 HB-83 2nda.
g,s dry flatland 12-11-97 21-3-98 postrera 1997/98
48 Quinich Cuyuta dry flatland 10-10-96 11-2-97 postrera 1996/97
49 Sacsuja ps
1 HB-83 dry flatland 11-10-96 15-2-97 postrera 1996/97
50 Salac com Negro dry flatland 18-6-97 23-10-97 primera 1997
51 Salac parc HB-83 2nda. dry flatland 18-6-97 23-10-97 primera 1997
52 San Juan Guayape dry flatland 19-6-97 30-10-97 primera 1997
53 San Juan
1 HB-83
g,s,c dry flatland 29-6-98 7-10-98 primera 1998
54 Santa Monica
1 HB-83
g,c dry flatland 29-6-98 5-11-98 primera 1998
55 Soledad HB-83 2nda. dry flatland 12-11-96 4-4-97 postrera 1996/97
56 Soledad
1 HB-83 dry flatland 26-6-97 30-10-97 primera 1997
57 Xucup Nimlajal dry flatland 18-6-97 8-10-97 primera 1997
58 ICTA ph
1 HB-83 moist flatland 3-12-96 16-4-97 postrera 1996/97
59 Lagartos HB-83 2nda. moist flatland 4-12-96 17-4-97 postrera 1996/97
60 Limon HB-83 2nda. moist flatland 3-1-97 6-5-97 postrera 1996/97
61 Limon sarco Criollo moist flatland 5-12-96 6-5-97 postrera 1996/97
62 Olaya
1 HB-83 moist flatland 24-1-97 27-5-97 postrera 1996/97
63 Playa Olotillo moist flatland 24-1-97 26-5-97 postrera 1996/97
64 Remolino HB-83 moist flatland 29-11-96 6-5-97 postrera 1996/97
65 Remolino Cesar
1 HB-83 moist flatland 29-11-96 6-5-97 postrera 1996/97
66 Remolino fert Cimcali
g moist flatland 5-12-97 15-5-98 postrera 1997/98
67 Remolino Leonel
1 HB-83
g moist flatland 20-12-97 8-5-98 postrera 1997/98
68 Remolino HB-83 moist flatland 30-11-96 6-5-97 postrera 1996/97
69 Remolino Marcos Cimcali
g moist flatland 20-12-97 15-5-98 postrera 1997/98
70 Salac Ical Nimlajal
g,s moist flatland 24-9-97 30-1-98 postrera 1997/98
71 San Juan
1 HB-83 moist flatland 17-10-96 5-3-97 postrera 1996/97
72 Santa Cruz
1 HB-83 moist flatland 4-12-96 17-4-97 postrera 1996/97
73 Santa Monica
1 HB-83 moist flatland 24-1-97 28-5-97 postrera 1996/97
74 Sepur limite
1 HB-83 moist flatland 3-12-96 17-4-97 postrera 1996/97
1: HB-83 was the local variety
chl: chlorophyll meter readings were taken
g,s,c: grain, stover and cob samples were taken respectively115
Table A2. Description of experimental local varieties in the Polochic watershed,
Guatemala, 1996-1998 (according to Quemé, 2000)
Local variety Description
1 HB-83 2nda White, semi-dented hybrid, F2 generation of HB-83
F1 issued from CIMMYT populations 22, 29 and 43
Yield average of F1 5.2 t ha
-1, 220 cm high
2 ICTA-B1 White, dented OPV
Generated by ICTA and derived from CIMMYT population 21 (Tuxpeño-1)
Yield average 3.9 t ha
-1, 220 cm high
3 Guayape White, dented OPV
Generated by DICTA
1 and derived from CIMMYT population La Posta,
itself derived from CIMMYT population Tuxpeño
Yield average 5.0-5.5 t ha
-1, 250-275 cm high
4 Cimcali CIMMYT acid-tolerant variety developed in Cali, Colombia
5 Cuyuta Probably derived from CIMMYT population Tuxpeño
6 Tusa morada Probably derived from CIMMYT population Tuxpeño
7 Olotillo Originated in Mexico
With very thin and flexible cob
8 Nimlajal No information available
9 Negro No information available
1 Criollo No information available
1DICTA: Dirección de Ciencia y Tecnología Agropecuaria, Honduras agricultural research organisation116
Table A3. Threshold values for soil characteristics (according to Bertsch, 1995)
Characteristics Threshold
values
low optimal high
pH in water < 5.5 5.5 - 6.5 > 6.5
acidity [cmol(
+)/L] < 0.5 0.5 - 1.5 > 1.5
CEC [cmol(
+)/L] < 5 5 - 25 > 25
Ca [cmol(
+)/L] < 4 4 - 20 > 20
Mg [cmol(
+)/L] < 1 1 - 5 > 5
K[ c m o l (
+)/L] < 0.2 0.2 - 0.6 > 0.6
Ca/Mg 2 - 5
Ca/K 5 - 25
Mg/K 2.5 - 15
Ca+Mg / K 10 - 40
P [mg/L] < 10 10 - 20 > 20
Zn [mg/L] < 2 2 - 10 > 10
Mn [mg/L] < 5 5 - 50 > 50
Fe [mg/L] < 10 10 - 100 > 100
Cu [mg/L] < 2 2 - 20 > 201
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